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ABSTRACT 


The  solubility  of  oxygen,  nitrogen  and  carbon  in  columWum- 
rich  Columbians- hafnium  alloys  has  been  studied  by  means  of  x-ray  diffraction, 
micrographic  and  thermal  techniques  using  both  a  dynamic  leak  method  and 
a  Sie verts  apparatus. 

At  pressures  above  10  torr  °2'  Cb  is  in  thermodynamic 
equilibrium  vith  oxide  vapor  and  can  taue  up  to  6  at.  %  0g  into  solid 
solution  at  1T75°C.  Above  this  temperature  oxidation  is  "catastrophic" 
and  the  volatile  oxides  Cb„0,  CbO  and  Cb, 0C  form  on  the  surface.  The 
"degassing"  of  Cb  at  2200°C  and  above  at  10"^  torr  is,  in  effect,  brought 
about  by  the  volatilization  of  the  oxide  and  not  by  the  de-adsorption  of 
gaseous  oxygen.  The  oCb  solid  solution  of  the  Tb-Hf-0  system  at  1500°C 
contains  9.0  at.  Og  at  2  at.  %  Hf,  falling  to  4.75  at,  %  for  Cb  and 
0.2  at.  for  an  alloy  containing  12  at.  f  Hf,  the  phase  being  characterized 
by  the  formation  of  HfOg  "clusters"  or  "molecules"  within  the  body 
centered  cubic  O-Cb  matrix. 

The  ternary  system  Cb-Hf-N  shows  that  although  Cb  car*  accommodate 
9.48  at.  $  N  interetitially  at  2200°C  and  3  x  lO*1  torr  Ng,  the  amount 
retained  on  quenching  drops  to  about  1  at.  the  precise  amount  depending 
on  the  quenching  rate.  The  addition  of  only  2  at.  $  of  E*  immediately 
reduces  the  amount  of  Ng  which  can  be  accommodated  at  high  temperatures  to 
less  than  0.3  at.  the  ct-Cb  phase  being  in  equilibrium  vith  HfN.  In  the 
Cb-Ev»C  system,  the  ot-Cb  primary  solid  solution  retains,  at  most,  0.55  at.  I  C 
at  2000°C,  the  carbide  in  equilibrium  vith  the  a-Cb  phase  being  essentially 
face  centered  cubic  (Cb,Hf)C,  and  not  CbgC  as  might  have  been  expected. 
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1.  Introduction 


It  is  known  that  the  presence  of  interstitial  elements  have  a 
serious  effect  on  the  physico-mechanlcal  properties  of  the  element  columbium 
and  thus  reduce  its  potential  as  a  high-strength  refractory  material.  There 
is,  however,  the  possibility  that  the  reaction  of  these  interstitials  with 
substitutional  alloy  additions  could  produce  dispersed  phases  which  would 
act  as  high- temperature  strengtheners.  However,  little  is  known  about  the 
effects  of  substitutional  alloying  additions  on  the  solid-solubility  of 
interstitials  in  columbium,  and  vice-versa,  and  it  was  felt  that  if  the 
effects  of  alloying  elerjents  in  Groups  IV-A  and  VI-A  on  the  solution  of 
interstitials  in  columbium  were  known,  such  knowledge  would  be  valuable 
in  interpreting  and  predicting  the  mechanical  behavior  of  colurabium-base 
alloys. 

The  proposed  investigation  was  a  study  of  columbium-base  alloys 
consisting  essentially  of  the  binary  systems  Cb-W,  Cb-Hf,  and  Cb-Mo,  to 
which  additions  of  the  elements  Og,  Ng,  and  C  were  to  be  made,  thus  giving 
rise,  in  effect,  to  a  study  of  the  Cb-corner  of  the  nine  ternary  systems, 
written  concisely,  as  Cb-(W,Mo,Hf )-0,  Cb-(W,Mo,fff)-N,  and  Cb-(W,Mo,Hf )-C, 
the  intention  being  to  determine  the  amounts  of  Og,  Ng  and  C  which  can  be 
retained  i:iterstitially  in  the  presence  of  substitutionally  incorporated 
W,  Mo,  and  Hf. 

The  initial  phase  of  this  study  was  an  investigation  of  the 
Ch-comer  of  the  three  ternary  systems  Cb-W-0,  Cb-W-N,  and  Cb-W-C.  This 
in  turn,  involved  a  study  of  alloys  in  the  binary  systems  Cb-W,  Cb-O,  Cb-N 
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and  Cb-C,  the  last  three  binaries  being  of  fundamental  importance  in  the 
systems  to  be  subsequently  investigated,  namely  those  based  on  Cb-Hf  and 
Cb-Mo.  The  ternary  systems  based  on  Cb-W  have  already  been  dealt  with  in 
Technical  Report  AFML-TR-65-68  dated  March  1965* 

The  second  phase  of  the  work,  dealing  with  the  systems  Cb-Hf-O, 
Cb-Hf-K,  and  Cb-Hf -C  are  dealt  with  in  the  present  report  which  contains 
the  results  of  additional  studies  on  the  Cb-0  and  Cb-N  systems  required 
to  substantiate  the  work  carried  out  during  the  first  year  of  the  program. 
This  new  work  necessitated  the  construction  of  a  Sieve rts  apparatus  which 
will  be  described  below. 

2.  Materials  and  Sample  Preparation 

Owing  to  the  relatively  high  reactivity  of  columbium,  it  readily 
forms  oxides,  nitrides  and  carbides  which  are  frequently  to  be  seen  in 
the  microstructures  of  Cb-base  alloys.  However,  the  amounts  of  these 
phases  are  usually  small,  and  their  dispersion  throughout  the  matrix  often 
leads  to  their  presence  being  overlooked  in  conventional  x-ray  diffraction 
patterns  owing  to  the  diffracted  spectra  being  below  the  visibility  limit. 

In  the  present  work,  where  only  small  amounts  of  oxygen,  nitrogen  and  carbon 
can  go  into  solid  solution  in  the  Cb-matrix,  the'r  presence  in  the  initial 
alloying  elements,  lu  ihis  case  Cb  and  Hf  could  lead  to  erroneous  lattice 
parameter  relationships,  while  the  observation  of  a  second  phase  in  the 
microstructures  could  give  a  false  idea  of  the  8 olid- solubility  limits. 
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For  these  reasons,  it  vas  decided  to  employ  alloying  elements 
of  the  highest  possible  purity  and  to  zone-refine  the  columbium  and  degas 
the  resulting  alloys  to  bring  the  impurity  level  down  to  a  few  parts  per 
million.  These  alloys  would  then  be  drawn  to  wire  of  diameter  10-12  mils, 
approximately,  which  would  be  suitable  for  doping  with  nitrogen  or  oxygen 
for  subsequent  x-ray  and  micrographic  studies,  whereas  the  carbon-containing 
alloys  would  be  made  by  direct  synthesis  prior  to  the  wire  drawing  stage. 
Once  the  main  features  of  the  systems  to  be  studied  were  fully  understood, 
it  was  found  that  the  use  of  zone-refined  material  was  unnecessary  provided 
the  samples  were  properly  degassed  prior  to  heat  treatment,  and  provided 
that  the  doping  gases  were  of  the  highest  possible  purity. 

Columbium 

Columbium  wire  was  produced  from  two  batches  of  material: 

(a)  Zone-refined  Ob- rod  from  Materials  Research  Corporation. 

Maximum  total  impurities  stated  to  be  25  ppm.  Maximum  C>2 

content,  9  ppm. 

(b)  Cb  powder  from  Kennametal,  Inc.  Particle  size,  55  mesh,  0^ 
content  200  ppn,  C  *  0.06  wt.  #,  N£  =  0.05,  TJa  »  0.10,  Ti,  Fe, 

Si,  less  than  0.01  wt.  $. 

The  Kennametal  columbium  was  zone-refined  at  our  Bloomfield 
Lamp  Works  and  used  for  producing  11  rail  Cb-wire. 
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HKfnJ.ua 

The  hafnium  (Foote  Mineral  Co.)  vas  in  the  fora  of  crystal  bar 
prepared  by  the  Vac  Arkel  iodide  decomposition  method.  A  typical  analysis 
of  the  material  in  ppm  vas  as  follows:  N  20,  C  bo,  A1  50,  Cu  20,  Ti  35, 

W  20,  Fe  150,  Zr  23,000  (2.#),  Cl  300. 

Carbon 

Ultra-high  purity  spectroscopic  carbon  (99*999$  C,  by  Ultra-Carbon) 
vas  employed  for  making  ternary  Cb-Hf-C  alloys  for  phase  identification 
purposes  and  for  doping  Cb-rich  alloys  prior  to  wire-drawing. 

Oxygen 

Whereas  the  previously  reported  work  using  the  dynamic-leak 
method  employed  ordinary  cylinder  oxygen  at  low  pressure,  only  oxygen  of 
the  very  highest  purity  conmerclally  available  vas  employed  with  the 
Sieve rts  apparatus.  Baker  oxygen  vas  used,  having  an  analyzed  maximum 
Impurity  content  as  follows,  in  ppm:  Ng  10,  Hg  1,  A  20,  COg  10,  CH^  15, 

Xe  1,  Kr  10,  HgO  10. 

Nitrogen 

In  the  earlier  dynamic  leak  method,  ordinary  cylinder  nitrogen 
was  employed  with  a  purifying  train  of  hot  copper  turnings.  In  the  present 
work  with  the  Sieverts  apparatus,  nitrogen  of  the  highest  possible  purity 
(by  Baker)  was  employed,  the  maximum  impurity  levels  in  ppra  being  as  follows: 
Og  2,  A  60,  CH^  1,  Hg  1,  CO  1,  COg  1,  HgO  1,  hydrocarbons  1. 


2.1  Production  of  Cb-Rf  Alloys 

A  conventional  zone-refining  furnace  using  the  floating-zoDe 
melting  technique  was  employed  for  producing  pure  Cb-rods  from  the 
Kfennaoetal  columbium  for  subsequent  drawing-down  into  wire.  In  general, 
rods  8  inches  long  and  0.25  inch  square  section  were  prepared  from  the 
35  mesh  powder  by  compressing  in  a  die  and  vacuum  pre-sintering  at  1200°C. 

The  rods  were  then  mounted  vertically  in  the  zone-refining  furnace  in  a 
vacuum  of  10~^  -  10”^  torr  and  subjected  to  local  heating  by  means  of 

/l  p\ 

electron  bombardment.  *  '  By  means  of  a  magnetic  drive  which  eliminated 
the  need  for  sliding  seals,  the  specimen  could  be  moved  smoothly  and 
vertically  in  the  vacuum  chamber  through  the  circular  electron  gun.  By 
this  means,  pure  columbium  rods  ranging  from  0.2  to  0.25  inches  in  diameter 
and  up  to  6  inches  in  length  could  be  produced  for  subsequent  wire  drawing. 

Experience  with  Cb-W  alloys  showed  that  the  process  was  unsuitable 
for  making  homogeneous  alloys,  there  being  a  considerable  loss  of  Cb  by 
volatilization  together  with  segregation  of  Cb  toward  one  end  of  the  bar. 

For  these  reasons,  the  Cb-Hf  series  of  alloys  were  made  by  melting 
compressed  mixtures  of  Cb  35  ®esh  powder  with  crystal-bar  Hf  turnings  in 
a  Kroll-type  argon  arc  furnace,  after  which,  the  alloy  buttons,  which 
weighed  about  10  grams,  were  re-melted  in  a  high  frequency  levitation¬ 
melting  furnace  vhere  they  were  degassed  at  a  pressure  of  about  10“^  torr 
fluid  vacuum  cast  into  1/8  inch  diameter  rods  for  a  subsequent  homogenizing 
treatment  for  1  day  at  2000°C  and  drawing  down  into  wire.  The  same  procedure 
was  employed  for  the  series  of  Cb-Hf-C  sdloys  examined,  containing  low 
levels  of  carbon,  namely  0.5  and  1.0  atomic  percent  C. 
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Binary  and  ternary  alloys  containing  around  33*3  and  30  atomic 


percent  C  were  made  by  a  solid  state  diffuoion  technique  in  which  fine 
powder  mixtures  of  the  alloying  elements  were  compressed  into  1/2  inch 
diameter  slugs  at  a  pressure  of  2300  psi  and  then  heated  in  a  pure  graphite 
crucible  for  24  hours  at  2500°C.  X-ray  diffraction  patterns  were  then 
taken  of  samples  powdered  by  grinding  in  a  tungsten  carbide  mortar,  and, 
on  account  of  the  slight  diffuse ness  of  the  Debye-Scherrer  lines  which 
indicated  lack  of  perfect  homogeneity,  the  slugs  were  re-ground  and  compressed, 
and  given  an  additional  solid-state  diffusion  homogenizing  anneal  for  3 
days  at  2000°C  in  a  vacuum  of  10”^  -  10"^  torr. 

The  homogenizing  and  equilibrating  anneals  of  the  various  alloy 

slugs  and  rods  were  carried  out  in  a  tungsten  tube  furnace  for  various 

-5  -6 

times  and  temperatures  at  a  pressure  of  10-  10  torr.  The  general 
layout  is  shown  in  Fig.  1. 

The  heating  element  consists  of  a  vertical  tungsten  tube 
9-1/2  inches  long  and  1-1/4  inches  in  diameter,  the  wall  thickness  being 
0.020  inch.  The  tube  is  surrounded  by  three  concentric  tantalum  radiation 
shields  resting  on  a  tantalum  support  which  also  serves  as  the  lower 
electrical  connection  to  the  tungsten  tube.  This  connector  is,  in  turn, 
supported  by  two  hollow  water-cooled  stainless  steel  conductors  connected 
in  parallel  and  capaole  of  carrying  a  current  of  3000  amperes.  The  upper 
connection  to  the  tungsten  tube  is  likewise  supported  ou  water-cooled 
steel  conductors  arranged  at  90°  to  the  lower  ones,  the  final  connection 
being  made  via  a  laminated  flexible  cantilever  consisting  of  several 
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layers  of  tantalus  strip  of  thickness  0.005  inches.  This  arrangement 
provides  sufficient  flexibility  for  the  expansion  of  the  furnace  tube 
on  heating. 

The  specimen  itself  is  suspended  on  a  fine  tungsten  wire,  the 
latter  hanging  from  the  center  of  a  thin  tungsten  wire  bridge  which  may 
be  shorted  across  a  power  transformer  and  fuzed  to  enable  the  specimen 
to  fall  through  the  furnace  tube  and  be  instantaneously  quenched  in  a 
bath  of  molten  tin  or  rapidly  cooled  on  a  copper  block. 

The  specimen  may  be  observed  during  heat  treatment  via  a  1/8  inch 
diameter  spy-hole  drilled  in  the  wall  of  the  tube,  cr  from  above.  Since 
radiation  through  the  hole  conforms  closely  to  black  body  conditions,  the 
hole  is  used  for  temperature  measurements  by  means  of  an  optical  pyrometer 
calibrated  by  the  Bureau  of  Standards,  the  sighting  of  the  instrument 
being  made  on  the  rear  inner  wall  of  the  heater  element,  corrections  being 
applied  fer  the  transmittance  of  the  double  quartz  windows  in  the  viewing 
port.  In  order  to  ensure  that  condensed  metal  on  the  viewing  port  does 
not  seriously  affect  the  temperature  reading,  the  innermost  window  is  made 
rotatable  to  ensure  a  perfectly  clean  surface  for  each  observation. 

Finally,  to  ensure  freedom  from  contamination  by  carbonaceous  products 
from  conventional  pump  oils,  the  furnace  was  evacuated  by  means  of  a 

mercury  vapor  pump  fitted  with  a  suitable  baffle  and  liquid  nitrogen  trap. 

(3) 

Corrections  for  the  transmittance  of  the  ports  are  given  in  Table  1.'  ' 
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Table  1 

SIGHT-GLASS  CORRECTION 


Correction  to  be  added  (°C) 


*otw 
(°C)  . 

One  pyrex  or 
quartz  window 

Double  quartz 
window 

1,900 

14 

26 

1,600 

19 

29 

1,700 

IT 

32 

1,800 

19 

36 

1,900 

20 

39 

2,000 

22 

43 

2,100 

2k 

47 

2,200 

26 

90 

2,300 

29 

94 

2,400 

31 

99 

2,900 

33 

63 

2,600 

36 

68 

2,700 

38 

72 

2,800 

kl 

77 

2,900 

43 

82 

3,000 

46 

88 

‘ 


2.2  Production  of  Cb  and  Cb-Hf  Vires 


The  choice  of  employing  Cb  and  Cb-Hf  alloys  in  the  form  of  vires 
for  oxidizing,  nitridlng  and  carburizing  experiments  vas  made  on  the  basis 
of  the  following  considerations: 

(a)  Tain  vires  (10-12  mil  diameter)  can  be  readily  oxidized  or 
nltrlded  by  directly  heating  the  vires  in  the  appropriate 
atmosphere  by  the  passage  of  an  electric  current.  The  pressure 
of  the  gas  and  the  temperature  of  the  wire  can  be  controlled. 
Carburizing  can  be  carried  out  in  vacuum  with  the  vires 
painted  with  colloidal  graphite,  if  required,  or  in  an 
atmosphere  of  methane. 

.  (b)  Any  phase  changes  or  solid-solubility  effects  can  he  followed 
'  by  means  of  electrical  resistivity  measurements  at  temperature, 

,  or  by  plotting  power- input  as  a  function  of  temperature. 

(c)  A  near-quench  can  be  obtained  vith  thin  vires  by  switching  off 
the  heating  current,  thus  preserving  the  high  temperature 
phases  if  the  cooling  rate  is  rapid  enough* 

(d)  Wire-form  specimens  are  suitable  for  x-ray  diffraction  analysis 
by  the  Debye-Scherrer  powder  method  and  lattice  parameter  values 
can  be  accurately  determined  (see  Appendix  I). 

(e)  Wire- form  specimens  can  be  fully  degassed  by  heating  to  2200°C 
in  a  vacuum  of  1 -  10*^  torr  until  the  0g  and  N0  content  is 
only  a  few  parts  per  million.  On  the  other  hand,  fine  powders 
for  x-ray  diffraction  work  cannot  be  degassed  so  readily  and 


will  tend  to  pick-up  impurities  and  gas  from  their  containers 
on  account  of  their  relatively  large  surface  area /volume  ratio. 

(f )  Wire  specimens  can  be  readily  subjected  to  microscopical 
examination  and  microhardness  measurements. 

2.2.1  Columbiua  Wire 

HO  great  difficulties  were  encountered  in  the  production 
of  Cb  wire  from  a  zone-refined  material.  A  rod  of  Materials  Research 
Corporation  Cb,  1/4  inch  in  diameter  and  about  2  inches  long  was  encap¬ 
sulated  in  an  (FEE  copper  tube  of  external  diameter  5/8  inch.  The  tube 
and  its  contents  were  swaged  at  room  temperature  to  0.10  inch  diameter 
and  the  copper  was  then  removed  by  etching  in  nitric  acid.  Remarkably 
enough)  the  cross-section  of  the  encapsulated  wire  (approximately  40  mil 
diameter)  became  roughly  hexagonal  during  the  swaging  operation  as  shown  by 
the  photomicrograph  in  Fig.  2,  although  the  copper  sheath  was  circular  in 
section.  This  phenomenon  is  presumably  due  to  the  original  zone-refined 
rod  being  a  single  crystal,  the  soft  copper  polycrystalline  matrix  yielding 
to  permit  the  columbium  crystal  to  take  up  a  preferred  orientation. 

After  gently  filing  away  the  more  ragged  edges,  the  Cb  wire 
was  passed  through  a  clean  swaging  die  of  diameter  0.036  inch  to  produce 
a  more  circular  cross-section,  after  which  the  wire  was  etched  for  2  minutes 
in  a  solution  containing  50  HgO,  ?4  HgSO^,  5  BHOj  and  20  HF,  about  2  mils 
being  removed  from  the  surface  by  tills  treatment.  The  wire  was  then  drawn 
through  clean  dies,  while  submerged  in  acetone,  to  a  diameter  of  0.020  inch 
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at  which  stage  it  was  given  a  recovery  anneal  in  vacuum  for  5  minutes  at 
1200°C  and  then  drawn  to  its  final  diameter  of  O.0U?  inch  • 

2.2.2  Colunbiun-Bafnium  and  Colxanbium-HafnicBa-Carbon  Alloy  Wires 
Die  following  procedure  was  employed  for  producing  the 
Cb-Hf  and  Cb-Hf-C  (l.O  at.  £  C)  alloy  wires. 

(a)  Grind-off  burrs  and  surface  blemishes,  wash  in  acetone. 

(b)  Insert  into  closely-fitting  mild  steel  or  stainless  steel  tube, 
indent  ends  of  tube  to  prevent  movement  of  sample . 

(c)  Swage  at  room  temperature  in  &n  automatically  fed  Torrington  111 
swaging  machine  with  1/64"  reduction  in  diameter  per  pass  until 
inside  diameter  of  tube  is  about  90/1000”. 

(d)  Remove  tube  by  filing-through  until  the  sample  is  revealed, 
and  then  strip  off  mechanically. 

(e)  Pile  and  sand  surface  of  the  wire  to  remove  blemishes. 

(f)  Cold  swage  without  encapsulation  to  about  2Q/L00C'  diameter 
using  reductions  of  10/1000”  per  pass. 

(g)  Continue  to  swage  using  2/1000”  reduction  p&r  pass  ir.til  diameter 
of  wire  is  about  13/LOOO  -  14/1000”. 

(h)  Pickle  wire  in  HP  acid  solution  to  remove  eny  surface  iirpurities. 

(i)  Draw  down  to  final  size  at  room  temperature  (ll/LOOv*)  In  1-2 
passes  using  short-blade  disbond  dies  and  acetone  at  a  lubricant. 

Ihis  procedure  yields  good  quality  wire  of  uniform  section 

and  excellent  surface  finish. 


3.  Oxidation  of  Cb  and  Cb-Hf  Alloy  Wires 

3.1  General  Introduction  -  Sane  Previous  Work 

A  number  of  studies  have  been  made  on  the  temperature  dependence 
of  the  solid-solubility  of  oxygen  in  columbium  and  of  the  oxides  which 
form  on  the  surface.  In  addition,  studies  have  been  carried  out,  notably 
by  Bryant  '  on  the  influence  of  additions  of  molybdenum,  rhenium  and 
ruthenium  to  columbium  on  the  solid  solubility  of  oxygen  in  the  metal. 

Based  on  sintered  alleys  heated  in  the  temperature  range  1600 
to  1700°C,  Biauer^  concluded  that  the  solid- solubility  limit  of  oxygen 
in  columbium  lay  below  4.7  at.  whereas  Seybolt^  using  a  Sieve rts 
apparatus  to  meter  the  amount  of  oxygen  added,  found  values  ranging 
between  1.4  and  5*5  at.  %  oxygen  in  the  temperature  range  775  to  1100°C. 
According  to  Elliott v ' '  the  solid-solubility  of  0 2  rises  from  1.4  at.  £ 
at  500°C  to  about  3«9  at.  $  at  1800°C,  whereas  Bryant using  hardness 
as  a  criterion  of  oxygen  content  finds  that  the  concentration  ranges 
from  0.7  at.  %  02  at  700°C  to  5*5  at.  $  at  1550°C.  Finally,  Gebhardt 
and  Rothenbacher^*^  using  a  combination  of  x-ray  diffraction,  micro¬ 
hardness  and  electrical  resistivity  measurements  and  micrographic  studies 
have  found  that  the  concentration  varies  from  1.1  at.  4>  C>2  at  750°C  to 
5*5  at.  Og  at  154o°C.  Apart  from  the  work  of  Bryant^  which  showo  that 
additions  of  molybdenum,  rhenium  and  ruthenium  to  columbium  all  reduce 
th®  oxygen  solubility  and  that  zero  solubility  is  reached  when  the  electron/ 
atom  ratio  of  the  allny  is  about  5*75>  no  similar  work  has  been  done  with 
tungsten  end  hafnium  additions. 
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In  addition  to  oxygen  being  taken  into  interstitial  solid 

solution  within  the  body  centered  cubic  colianbium  structure,  numerous 

oxides  and  sub- oxides  can  be  formed  depending  on  the  temperature  and  the 

oxygen  pressure.  Among  the  more  recent  investigations,  special  mention 

should  be  made  of  the  high- temperature  x-ray  diffraction  studies  on 

Cb205  by  Goldschmidt^10 ^  and  the  electron  and  x-ray  diffraction  studies 

of  Terao.^11^  In  brief,  Cb(o)  solid  solution  (body  centered  cubic), 

CbOx  (tetragonal),  8  Cb-0  (hexagonal),  r  CbgO^  (monoclinic)  and  o  CbgO^ 

(monoclinic)  are  formed  in  air  at  either  atmospheric  or  reduced  pressure, 

whereas  CbO  ( tetragonal )>CbO  (cubic,  NaCl-type)  and  CbO  (tetragonal) 
z  z 

are  formed  only  in  air  at  reduced  pressure.  The  relationships  between 
the  various  oxides,  which  are  structurally  related,  are  shown  schematically 
in  Fig.  3. 


3.2  The  System  Cb-0 

A  study  of  the  Cb- corner  0?  the  Cb-Hf-0  ternary  system  breaks 
down  naturally  into  three  stages  as  follows: 

(a)  A  study  of  the  Cb-0  binary  system. 

(b)  A  study  of  the  Cb-Hf  binary  system. 

(c)  A  study  of  the  Cb-Hf-0  ternary  system. 

3*3  Experimental 

When  columbium  is  exposed  to  an  atmosphere  of  oxygen,  the  amount 
taken  into  interstitial  solid  solution  within  the  body  centered  cubic 
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colunbium  lattice  will  be  a  function  of  the  two  variables,  temperature  and 
pressure.  If  true  thermodynamic  equilibrium  is  attained,  lowering  the 
pressure  of  the  oxygen  atmosphere  or  raising  the  temperature  of  the  columbium 
should  bring  about  a  reduction  of  the  oxygen  in  solid  solution,  while  the 
reverse  should  occur  as  a  result  of  raising  the  oxygen  pressure  or 
lowering  the  temperature.  Similarly,  if  the  condition  of  pressure  and 
temperature  are  correctly  adjusted,  the  body  centered  cubic  oCb  phase  will 
ultimately  saturate  with  oxygen  and  the  CbO  phase  will  begin  to  form. 
Increasing  the  temperature  at  this  point,  or  suitably  reducing  the  oxygen 
pressure  will  cause  the  oxide  to  decompose  to  Cb  +  0  until  the  oxidized 
colunbium  becomes  single -phase  ct-Cb  solid  solution  again.  Thus  a  determina¬ 
tion  of  the  solid- solubility  limit  of  oxygen  in  columbium  implies  a 
determination  of  the  equilibrium  pressure  of  the  oxygen  liberated  by  the 
decomposing  CbO  phase  at  that  particular  temperature.  A  similar  discussion 
also  applies  to  the  formation  of  Cb02  from  CbO,  but  the  pressure  involved 
is  now  that  of  the  CbOg  vapor  which  would  decompose  to  form  CbO. 

At  any  given  temperature,  the  oxygen  pressure  at  which  the 
os-Cb  primary  solid  solution  becomes  saturated  with  oxygen  and  the  CbO 
phase  begins  to  form  is  the  same  as  the  oxygen  pressure  which  would  be 
set  up  when  the  CbO  phase  is  just  beginning  to  decompose  to  form  saturated 
OC-Cb  solid  solution  and  oxygen.  Theoretically,  at  equilibrium,  the 
pressure-temperature  relationship  should  be  capable  of  being  expressed 
as  a  straight  line  plot  of  log  (oxygen  pressure)  versus  1 /Temperature  (°k) 
as  shown  schematically  in  Fig.  h.  kny  alloy  such  as  A  lying  on  the  high 
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temperature  -  low  pressure  side  of  the  line  should  consist  of  oCb  primary 
solid  solution.  An  alloy  such  as  B,  lying  on  the  line  would  be,  in  effect, 
a  saturated  solid  solution  of  oxygen  in  OCb,  and  the  CbO  phase  would  be 
on  the  point  of  forming.  An  alloy  such  as  C  would  first  consist  of  CbO  + 
saturated  OCb,  but  if  oxygen  is  continually  added  to  maintain  the  pressure 
constant  as  CbO  forms,  ultimately  all  the  oCb  would  be  converted  to  CbO. 

In  its  turn,  the  CbO  would  oxidize  to  CbOg  and  finally  to  Cb^O^. 

The  compositions  of  any  alloy  exposed  to  a  given  equilibrium 
pressure  of  oxygen  may  be  obtained  by  quenching  the  specimen  from  the 
high  temperature  and  determining  its  oxygen  content  by  chemical  analysis, 
or,  alternatively,  by  initially  metering- in  known  quantities  of  oxygen, 
as  will  be  described  below.  Thus  it  will  be  possible  to  ascribe  compositions 
to  the  various  points  D,  E,  F,  along  the  log  p  versus  l/T  plot  and  hence 
effectively  determine  the  oxygen  solid-solubility  limits  of  the  a-Cb 
phase  as  a  function  of  oxygen  pressure  and  temperature.  A  two  phase 
alloy  such  as  C  at  temperature  T  would  consist  of  CbO  plus  saturated  oc-Cb 
phase  having  a  composition  corresponding  to  G.  It  is  also  possible  to 
draw  lines  of  constant  oxygen  composition  of  the  OCb  phase  field,  as  a 
function  of  pressure  and  temperature,  as  indicated  schematically  by  the 
line  AE. 

As  we  shall  see  later,  in  certain  circumstances,  the  o-Cb  phase 
will  not  be  in  equilibrium  with  gaseous  oxygen  as  such,  but  with  vapors 
of  the  oxides  CbO,  CbO,-,  and  CbgO^.  In  these  cases,  similar  plots  of 
log  (oxide  vapor  pressure)  versus  1 /Temperature  can  be  drawn.,  Failure  to 
realize  this  can  lead  to  complete  misinterpretation  of  the  results. 
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Two  methods,  which  pjre  fundamentally  different  in  their  approach 
were  used  to  oxidize  pure  columbiwn  and  the  coluohim-hafniutn  series  of 
alloys,  although  in  all  cases  the  specimens  were  in  the  form  of  vires  which 
were  about  12  inches  long  and  10-12  mils  in  diameter. 

The  first  of  there  methods,  which  we  may  term  the  dynamic  leak 
method  and  which  was  used  in  the  early  stages  of  the  work,  employs  a 
large  bell  Jar  in  which  the  oxygen  atmosphere  is  maintained  at  the 
equilibrium  pressure  of  the  absorption  process  by  leaking- in  or  pumping-off 
oxygen  as  required.  The  final  composition  of  the  oxidized  wire  is  then 
obtained  by  quenching  the  sample,  by  simply  switching-off  the  heating 
current,  and  then  using  chemical  analysis,  x-ray  diffraction  patterns  and 
optical  microscopy  to  establish  the  oxygen  content,  lattice  parameters, 
and  to  identify  phases  present.  The  bell  jar  apparatus  is  shown  in  Fig.  5. 

The  second  approach  to  the  problem,  vhich  was  made  in  the  closing 
stages  of  the  research,  was  to  employ  a  Sieverts  apparatus  (Fig.  6)  into 
vhich  pre-determined  amounts  of  oxygen  (or  nitrogen)  could  be  metered 
and  the  wire  sample  heated  until  the  pressure  settled  down  to  an  equilibrium 
value.  Frau  the  volume  of  the  Sieverts  apparatus  and  the  change  in 
pressure,  it  was  possible  to  calculate  the  weight  of  oxygen  absorbed  and 
hence  the  composition  of  the  wire  at  temperature  without  resorting  to 
chemical  analysis.  However,  x-ray  diffraction  and  micrographic  analyses 
were  carried  out  on  quenched  specimens  for  purposes  of  phase  identification 
and  lattice  parameter  determinations. 
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3.3*1  Oxidation  by  the  Dynamic  Leak  Method 


As  mentioned  above,  the  apparatus  used  for  the  dynamic 

leak  method  of  oxidizing  Columbian  wire  consists  essec-ially  of  a  large 

bell  jar  which  can  be  evacuated  by  means  of  a  4  inch  diar  eter  oil 

diffusion  pump  fitted  with  a  liquid  nitrogen  trap  and  capable  of  providing 
•6  *»? 

a  vacuum  of  10  -10.  torn  using  Dow  Corning  705  silicone  oil,  the 

vacuum  being  measured  by  Philips  and  Alphatron  gauges  which  were  calibrated 
against  a  McLeod  gauge. 

The  wire  specimen,  which  is  about  12  inches  long  and  bent  into 
the  form  of  a  hairpin,  is  suspended  from  both  ends  from  two  rigid  copper 
supports  which  act  as  electrical  leads  for  supplying  the  heating  current, 
the  brightness  temperature  of  the  virt  being  observed  through  the  glass 
wall  of  the  bell  jar  via  a  Leeds  aud  Rorthrup  optical  pyrometer  which 
was  calibrated  at  the  National  Bureau  of  Standards.  To  prevent  incorrect 
readings  caused  by  any  deposition  of  Cb  vapor  on  the  internal  surface 
of  the  bell  jar  at  temperatures  in  the  region  of  2000°C  and  above,  an 
externally  movable  screen  was  placed  inside  the  bell  jar  in  the  line  of 
sight  and  only  moved  for  sufficient  time  to  take  a  reading. 

Corrections  were  applied  to  the  bxightness  temperature  readings 
using  the  value  ^  -  0.374-  obtained  by  Whitney^'1"^  for  the 
emissivity  of  Columbian,  and  €q  gj  *  °*70  for  the  emissivity  of 
Columbian  oxide  (CbO„  or  Cb^O-),  a  correction  also  being  applied  for  the 

d  2  5 

transmittance  of  the  bell  jar  from  an  experimentally  determined  curve. 
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After  mounting  the  specimen,  the  bell  Jar  was  evacuated  to  the 

•6  „7 

best  value  possible  with  the  equipment  (10  -  10  '  torr)  and  the  specimen 

given  am  initial  thorough  degassing  treatment  by  heating  it  for  about' 

10  minutes  in  the  region  of  2200-2300°C.  This  reduces  the  0g,  Wg  and  C 

(14) 

content  of  the  wire  to  a  few  parts  per  million. 

Immediately  after  degassing  as  described  above,  the  wire  was 

cooled  to  room  temperature  and  oxygen  allowed  to  leak  at  a  controlled 

rate  into  the  bell  Jar,  which  was  kept  on  the  pumps,  until  the  pressure 

-5  - k 

stabilized  at  5  x  10  or  5  x  10  torr  Og  as  required.  The  wire  was  then 
heated  as  rapidly  as  possible  to  the  required  temperature,  adjusting  the 
pressure  of  Og  to  the  predetermined  value,  and  then  quenched  after  a  given 
time.  The  wire  was  then  removed  for  x-ray,  mierogr&phic  and  chemical 
analysis. 

This  procedure  was  repeated  with  other  columbium  wires  for 
various  holding  times  and  at  temperatures  ranging  from  1000  to  2000°C, 
thus  yielding  specimens  which  were  completely  in  the  oCb  solid-solution 
rr<nfe  and  those  which  consisted  of  the  two  phases,  saturated  a-Cb  aid 
CbO. 

In  the  case  of  pure  columbium,  the  oxide  fonoed  on  reaching 
the  sol id- solubility  limit  is  on  the  surface  of  the  wire  only.  As  a 
result,  once  equilibrium  has  been  set  up  between  the  oxide  film  on  the 
surface  and  the  saturated  O-Cb  solid  solution,  the  scale  can  be  identified 
in  situ  by  x-raying  the  sample,  after  which  the  scale  is  removed  by 
dissolving  it  away  in  a  mixture  consisting,  in  parts  by  volxane,  of 
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50  HgO,  I1*  HgSO^,  5  HNOy  and  20  HF.  The  oxygen  in  solution  in  the 
oCb  matrix  is  then  determined  by  the  conventional  method  of  vacuum 
fusion  analysis.  Because  the  lattice  parameter  of  columbium  is  greatly 
increased  by  oxygen  in  interstitial  solid  solution,  it  is  possible,  after 
chemically  analyzing  a  number  of  calibration  samples,  to  employ  the  lattice 
parameter  as  an  accurate  index  of  the  oxygen  content.  It  is,  of  course, 
also ^possible  to  employ  other  properties  as  an  index  of  oxygen  content, 
such  as  hardness  or  electrical  resistivity, for  exampie#  but  chemical 
analysis  coupled  vith  x-ray  diffraction  methods  is  probably  more 
satisfactory  with  the  bell  jar  method  in  that  the  oxide  phases  can  also 
be  identified.  It  should  be  noted  that  subsequent  work  carried  out  vith 
the  Sieve rts  apparatus  substantially  confirmed  the  results  obtained  vith 
the  dynamic  leak  method,  and  assisted  in  their  interpretation. 

3.4  The  Lattice  Parameter  of  Pure  Columbium 

Because  the  lattice  parameters  of  Cb-rich  Cb-Hf-0  primary 

solid  solutions  vere  to  be  employed  as  one  of  the  criteria  of  the  precise 

value  of  the  oxygen  and  hafnium  solubility  limits,  the  parameter  value 

for  high  purity  oxygen-free  columbium  becomes  of  the  highest  importance. 

All  published  values  of  the  a-parameter  of  "pure"  columbium  are  probably 

(15) 

too  high  Ij cause  of  the  oxygen  content  of  the  metal.  Neubtlrger'  gives 
a  value  a  a  3*3007  X  (from  kX)  for  the  lattice  parameter  of  "very  pure  Cb", 
vhereas  Edvards,  Speiser  and  Johnston^^  give  a  »  3*3004  ft  (from  kX) 
for  99 Cb  (containing  0.06  %  Ta)  at  l8°C.  Our  own  studies  on  the 
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fl7) 

Cb-Y  system'  '  indicate  a  progressive  decrease  in  the  lattice  parameter 

\ 

of  Cb  as  the  yttrium  content  is  increased,  the  a-paraaeter  dropping 

from  3*3026  £  for  "high  purity"  Union  Carbide  columbium  to  3*2993  J?  for 

an  addition  of  25  at.  %  Y,  the  drop  in  the  parameter  presumably  being 

caused  by  the  scavenging  of  oxygen  by  the  added  yttrium.  The  lowest 

value  of  a-parameter  actually  observed  by  Seybolt^  during  his  work 

on  the  Cb-0  system  was  3*3002  +  0.0002  £,  and  extrapolating  back  to  zero 

oxygen  a  lattice  parameter  of  3*2999  $  is  obtained.  The  same  result 

(9) 

is  obtained  by  Gebhardt  and  Rothenbacher.'  '  As  we  shall  see  in  the  next 
section,  our  own  results  lead  to  an  extrapolated  oxygen-free  columbium 
lattice  parameter  which  is  appreciably  lower,  namely  a  =*  3*2986  +  0.0001  X, 
the  difference  being  due,  in  all  probability,  to  our  use  of  zone-refined 
material,  although  the  same  result  was  obtained  from  Kennametal 
columbium  wire  which  was  degassed  in  the  Sieve rts  apparatus  at  2200°C. 

3*5  Lattice  Parameters  of  oCb-0  Solid  Solutions 

Table  2  li3ts  the  lattice  parameters  of  the  oCb  phase  of 
Cb-0  alloys  produced  in  the  bell  jar  apparatus  by  the  dynamic  leak 
method, 

A  plot  of  the  parameters  as  a  function  of  the  oxygen  content 
yields  the  straight  line  shown  in  Fig.  7,  the  points  off  the  line 
corresponding  to  cCb  +  CbO  two-phase  alloys  and  yielding  the  phase  boundary 
lattice  parameters.  When  extrapolated  to  zero  oxygen  content,  the  curve 
yields  a  "pure"  columbium  lattice  parameter  a  =  3*2986  +  0.0001  R  at  25°C. 
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By  extrapolation  of  lattice  parameter  curve 


The  lattice  parameters  of  the  oCb  phase  of  the  tvo- phase  alloys  for  1000°C 
and  5  x  IQ"5  torr  Og  and  1065°C  and  5  x  lo"*1  torr  yields  solid- solubility 
limits  of  2.75  at.  %  0r.  and  5*2  at.  #  C...  respectively.  The  result  for 
1000°C  was  also  confirms  by  a  'wire  oxidised  to  4  at.  $  0g  in  the  Sieve rts 
apparatus. 

Since  tho  depth  of  penetration  of  the  x-ray  bean  in  the  wire 
specimens  is  relatively  small  and  the  diffirf.et.iou  patterns  and  lattice 
panwseters  are  more  representative  of  the  surface,  tests  were  carried  out 
to  see  whether  the  same  results  would  be  obtained  firca  different  depths 
within  the  x-ray  samples.  Hiia  was  achiaved  by  etching  away  successive 
layers.  Thus  an  11  mil  diameter  wire  nsated  for  JG  minutes  at  1085°C 
and  5  *  IO" 4  torr  Og  gave  an  Ct-Cb  pattern  which  was  overlapped  by  lines 
of  the  surface  csxide  ObO,  together  with  an  a- Co  phase  parameter  of 
a  -  3*31(0)  L  On  etching  away  the  oxide  film,  a  somewhat  higher  degree 
of  accuracy  is  parameter  determination  could  be  obtained,  and  for  etched- 
down  diameters  of  10.0,  6.^  and  J.O  mils  respectively,  the  lattice  parameters 
were  J. 511(0),  and  5,511(6)  i%,  an  even  higher  accuracy  being 

possible  if  the  diffraction  lines  had.  not  been  somewhat  "spotty"  due  to 
grain  growth.  These  results  indicate  quite  clearly  that  oxygen  penetrates 
rapidly  to  the  wire  center  and  provides  a  relatively  homogeneous  cross- 
section  froci  which  reliable  x-ray  diffraction  data  can  be  obtained. 
Mierostructures  snow  no  traces  of  oxide  precipitation  thus  indicating 
that  the  rate  of  quenching  is  sufficiently  rapid  with  11  mil  diameter 
vire  Ao  retain  all  the  oxygen  in  interstitial  solid  solution. 


It  is  of  interest  to  compare  the  present  lattice  parameter 

results  with  those  obtained  by  other  workers .  This  is  done  in  Fig.  8. 

Our  own  lattice  parameter-composition  curve  is  almost  parallel  to  that  of 

(q\ 

Gebb&rdt  and  Rothenbacher, ' *  '  but  starts  at  a  lover  Cb  parameter  value. 

This  xs  almost  certainly  due  tc  our  use  of  zone-refined  Cb  as  an  initial 
material  for  the  oxidizing  experiments  and  the  fact  that  Gebb&rdt  and 
Rothenbacher  used  hardness  values  to  determine  the  oxygen  content  in  lieu 
of  chemical  analysis. 

On  the  other  hand,  Seybolt ' s  data  extrapolate  back  to  the  same 

‘’pure*  columbiua  parameter  as  Gebhardt  and  Rothenbacher  but  the  rate  of 

parameter  increase  with  oxygen  content  is  appreciably  smaller.  Since 
(6) 

neither  Seybolt'  *  nor  Gebhardt  and  Rothenbacher  employed  zone-refined 
eolurabiuo,  it  is  not  difficult  to  explain  the  high  extrapolated  colurobium 
parameter,  but  the  lower  rate  of  parameter  increase  found  by  Seybolt  is 
more  difficult  to  account  for,  especially  because  the  Sievert’s  method 
provides  an  accurate  technique  of  metering  the  amount  of  oxygen  added. 

3-6  Solid-Solubility  Limits  of  Og  in  Cb 

Whereas  the  highest  solubility  of  oxygen  in  columbium  previously 
reported  has  been  4.4  atomic  percent, our  highest  analyzed  oxygen 
content  is  5.6  atomic  percent,  with  a  *  3*5209  On  the  other  hand,  a 
sample  of  columbiua  wire  heated  for  10  minutes  at  2200°C  in  a  predominantly 
helium  atmosphere  consisting  of  0.5  torr  Og  and  j60  torr  He  wae  found  to 
be  single  phase  C*-Cb  solid  solution  with  a  lattice  trameter  a  *  3.3311 


By  extrapolating  the  lattice  parameter-composition  curve,  this  corresponds 
to  an  oxygen  content  of  8.2  atomic  percent.  Although  ve  have  not  been 
able  to  repeat  this  result,  it  may  be  possible,  under  favorable  conditions, 
to  retain  even  more  oxygen  in  interstitial  solid  solutions  in  columbium. 

Various  determinations  of  the  oxygen  solid- solubility  limit  in 

columbium  are  shown  in  Fig.  9»  Our  own  results  fall  midway  between  those 

of  Seybolt  and  of  Gebhardt  and  Hothenbacher.  The  solid- solubility  limit 

(7) 

obtained  by  Elliott  ' 7  indicates  a  much  lower  oxygen  value  in  the  region 
of  l800°C  than  those  extrapolated  from  the  results  obtained  by  other 
workers  and  ourselves.  In  particular,  our  single  phase  a-Cb  alloys  at 
5.6  and  8.2  at.  $  02  at  2158°  and  2200°C  respectively  would,  according 
to  Elliott,  lie  well  within  the  oCb  -  CbO  (liquid)  two-phase  field. 
Further  work  is  required  at  different  pressures  to  settle  this  point 
satisfactorily » 

Elliott  reports  the  presence  of  a  eutectic  at  1915°C  between 
OCb  containing  about  4  at.  $  oxygen  in  solid  solution  and  the  cubic 
oxide  CbO. i  We  have  heated  a  number  of  11  roil  diameter  wire  samples  slowly 
in  the  bell  jar  apparatus  in  an  atmosphere  consisting  of  0.5  torr  0g  and 
760  torr  purified  He.  In  all  cases  Of-Cb  -  CbO  complexes  which  formed 
melted  at  the  surprisingly  low  temperature  of  1J75  +  15°C.  This  Mill 
be  discussed  later- 

The  regions  where  local  melting  occurred  were  marked  by  the 
formation  of  spherical  beads  and  the  interruption  of  the  heating  current 
effectively  quenched  the  beads  from  the  liquid  state  producing  &  typical 
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eutectic  structure  as  shown  in  Pigs,  10  and  11.  Only  after  melting  and 
quenching  was  oxide  observed  within  the  grains  and  grain  boundaries  of 
the  O-Cb  solid  solution. 

3.7  Pressure-Temperature  Relationships  in  the  Cb-0  System 

Based  on  the  x-ray,  micrographic  and  chemical  analyses  of  Cb-0 
alloys  produced  in  the  bell  Jar  apparatus  using  the  dynamical  leak  method, 
it  was  possible  to  establish  the  amount  of  oxygen  in  solid  solution  in 
columbium  at  various  oxygen  pressures  and  wire  temperatures,  and  from 
these  to  establish  the  maximum  oxygen  solid  solubility  under  the  various 
conditions  of  temperature  and  pressure.  The  results  enabled  a  straight 
line  curve  to  be  established  between  log  (pressure  of  oxygen)  versus 
l/Cfemperature  (°K),  the  line  apparently  representing  the  pressure  at  which 
the  oxide  CbO  is  in  equilibrium  with  the  Cf-Cb  primary  solid  solution. 

This  curve  is  represented  by  the  line  labelled  CbO  in  Pig.  12. 

Any  specimens  made  under  the  conditions  of  temperature  and  pressure  to 
the  left  of  the  curve  consist  essentially  of  a~Cb  solid  solution,  the 
broken  lines  representing  contours  of  equal  oxygen  concentration.  Alloys 
Immediately  to  the  right  of  the  CbO  line  are  found  to  be  two-phase,  con¬ 
sisting  of  a-Cb  +  CbO.  A  second  line,  labelled  CbOg,  can  be  established, 
beyond  which,  under  the  dynamic  flow  conditions  prevailing,  the  wire 
sample  consists  of  the  three  phases  a-Cb  +  CbO  +  CbOg.  Yet  another  line 
must  exist  which  marks  the  appearance  of  CbgO^ 

The  location  of  the  iso-'ompositional  contours  in  the  a-Cb  region 
of  Fig.  12  could  be  located  by  making  use  of  a-Cb  lattice  parameters  of 
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two  and  three-phase  alloys.  Thus,  colunbiua  heated  at  1000*C  in  the  three- 
phase  field  under  the  conditions  denoted  by  triangles  A,  B  and  C  in  Fig.  12 
all  yield  the  same  lattice  parameter  for  ft-Cb.  As  shown  by  the  arrows,  this 
spacing  wust  correspond  to  the  saturation  point  D  of  the  a-Cb  phase,  the 
compos5tion  of  which  can  be  derived  from  the  lattice  paraneter  versus 
composition  curve  given  in  Fig.  7* 

The  determination  of  the  upper  log  p  versus  l/T  curve  for  CbOg  is 
of  interest.  Originally  it  was  decided  to  confirm  the  position  of  the  CbO 
line  obtained  by  x-ray,  micrographic  and  chemical  analyses  by  a  different 
end  independent  technique  which  would  make  use  of  changes  in  the  optical 
emissivity  of  the  wire  surface  as  the  oxide  formed.  In  this  technique,  the 
wire  was  heated  in  the  bell-jar  apparatus  to  a  temperature  at  which  an  a-Cb 
solid  solution  is  formed  and  then  cooled  in  stages  with  the  dynamic  leak 
maintaining  the  pressure  constant.  A  curve  was  then  plotted  of  surface 
brightness  temperature  (i.e.  uncorrected  pyrometer  reading)  versus  watts 
input  to  the  wire,  a  break  in  the  curve  showing  when  the  onissivity  of  the 
sample  increased  on  formation  of  the  oxide.  The  break  was  then  retraced 
to  establish  it?  validity,  a  typical  curve  being  shown  in  Fig.  13  for  Cb 
in  10  torr  0?,  the  numbers  indicating  the  random  order  in  which  the 
readings  were  taken.  Also  included  are  sketches  shoving  the  appearance 
of  the  scale. on  the  wire  at  the  different  temperatures. 

It  was  rather  surprising  to  find  that  the  above  technique  did  not 
reproduce  the  CbO  log  p  versus  l/T  plot  illustrated  in  Fig.  12,  but  yielded 
instead,  the  upper  curve,  which  x-ray  examination  of  the  wire  showed  to  be 
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associated  with  the  formation  of  CbOg.  Ho  discontinuities  whatever  could 
be  found  in  the  watts  input  versus  brightness  curves  corresponding  to  CbO. 
The  reasons  for  this  are  probably  not  far  to  seek.  As  shown  by  the  macro - 
photographs  of  Cb  wire  after  various  stages  of  oxidation  (Fig.  lb),  Cb02 
forms  a  highly  emissive  black  layer  on  the  surface  of  the  wire,  whereas 
that  of  CbO  is  Indistinguishable  from  metallic  Cb.  Thus,  the  published 
value  of  »  0.70  refers  in  all  probability  to  the  oxide  CbOg  (and 

possibly  to  CbgO,.  as  well),  whereas  the  enissivity  »  0.37b  probably 

applies  equally  to  Cb  and  to  CbO. 

3.8  Interpretation  of  the  Log  p  Versus  l/T  Curves 

Worrell  has  recently  determined  the  free  energy  of  formation 
AF  of  CbOg  by  measuring  the  carbon  monoxide  equilibrium  pressure  in  the 
reaction 

Cb^  (solid)  C  (graphite)  2  2Cb0g  (solid)  +  CO  (gas) 

using  solid  pellets  of  CbOg  +  Cbg0^  +  C  in  a  CO  atmosphere  at  1050  to 
1250*K.  The  value  obtained  for  £F  may  be  expressed  in  the  form: 

AF  -  -185,600  +  38. 9T,  cal/mole. 

From  this,  the  dissociation  pressure  of  CbOg  in  the  reaction 

CbOg  Cb  +  Og 

may  be  calculated  using  the  expression 
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where  the  oxygen  pressure  is  in  units  of  atmospheres.  This  lead3  to 
an  oaygen  partial  pressure  of  approximately  2.8  x  lO-"1^  torr  at  1500*C. 
In  the  case  of  the  decomposition  reaction 


CbO  i*  Cb  +  0 


the  oxygen  equilibrium  pressure  would  be  even  lower  than  this. 

We  note  from  Fig.  12  that  the  oxygen  pressure  involved  in  the 

j. 

decomposition  of  CbO  to  Cb  +  0  at  15CO*C  is  around  10  torr,  which  is 
about  12-lk  orders  of  magnitude  higher  than  obtained  by  thermodynamic 
calculation.  A  similar  experimental  result  was  obtained  by  Passler.^1^ 
However,  we  can  easily  reconcile  the  experimental  findings  with  the 
results  of  theory. 

The  thermodynamic  calculation  means  that  only  at  oxygen  pressures 
substantially  below  lO*1^  torr  and  T  *  1500*C  is  it  possible  to  remove 
gaseous  oxygen  from  the  interstitial  a-Cb-0  primary  so7  id  solution,  and 
the  computed  pressure  corresponds  to  the  pressure  of  oxygen,  at  equilibrium, 
when  the  primary  a-Cb  solid  solution  Is  saturated  and  the  monoxide  phase  CbO 
is  about  to  form.  Sue  i  a  process  should  be  reversible,  in  that  if  oxygen 
is  absorbed  by  the  metal  at  temperature  when  the  pressure  is  maintained 
at  the  equilibrium  value,  the  saar  oxygen  should  be  capable  of  being  pumped 
out  of  the  metai  on  reducing  the  pressure. 


An  experiment  was  carried  out  to  test  this  very  point,  which  is 

crucial  to  our  understanding  of  the  oxidation  and  de-oxidation  mechanism 

of  columbium.  Using  the  Sieverts  apparatus,  which  was  now  available,  an 

11  mil  diameter  Cb  wire  was  converted  to  a  saturated  a-Cb  solid  solution 

containing  about  6. 0  atomic  percent  Og  at  1770*C.  The  wire  was  qy<ijened 

to  retain  the  oxygen  in  solid  solution  and  the  vessel  containing  the 
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sample  evacuated  down  to  10  Torr  where  it  was  closed  off.  The  sample 
was  then  reheated  in  the  vacuum  to  2200*C  in  order  to  draw-off  the  oxygen 
and  quenched  to  prevent  re-absorption.  %  cryogenic  pumping,  using  a 
stainless  steel  side-tube  dipped  in  liquid  helium,  it  was  possible  to 
obtain  a  gas-sample  for  analysis  in  a  mass  spectrometer.  The  small  amounts 
of  gas  obtained  by  this  method  were  found  to  consist  essentially  of  CO, 
hydrocarbons  and  traces  of  water,  but  no  free  oxygen  was  present.  How¬ 
ever,  the  wire  was  found  to  be  substantially  thinner  as  a  result  of  this 
treatment,  and  the  walls  of  the  container  were  coated  with  a  thin  film, 
presumably  consisting  of  columbium  oxide. 

The  above  experiments  would  seem  to  indicate  that  we  do  not  have 
a  true  static  equilibrium  between  a-Cb  and  oxygen,  but  rather  that  a 
dynamic  equilibrium  exists  between  c/-Cb  and  columbium  oxide  vapor,  the 
pressure  of  the  vapor  adjusting  itself  to  equal  that  of  the  oxygen  which 
essentially  controls  the  rate  of  vapor  formation.  Thus,  as  long  as  the 
oxygen  pressure  is  above  10"^  Torr,  oxidation  of  columbium  will  occur, 
the  oxide  being  in  the  vapor  state  if  the  temperature  is  high  enough, 
and  columbium  being  continuously  carried  away  without  any  oxide  being 
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apparent  either  on  the  surface  or  inside  the  metal.  Under  these  conditions, 
the  amount  of  oxygen  retained  in  solid  solution  will  seem  to  he  a  function 
of  the  oxygen  pressure,  hut  it  will,  in  reality  he  a  function  of  the  oxide 
vapor  pressure.  Which  oxide  it  is  will  depend  on  the  temperature. 

In  order  to  test  these  ideas,  experiments  were  carried  out  heating 
fully  degassed  Ch  wires  at  various  temperatures  in  the  Sieverts  apparatus, 
metering-in  different  amounts  of  oxygen  to  form  solid  solutions,  and  also 
heating  various  solid-solution  compositions  in  the  fully  evacuated  Sieverts 
apparatus.  Both  types  of  experiments  led  to  the  same  results. 

It  was  found  that  up  to  1775°C,  the  maximum  amount  of  oxygen 

which  could  he  retained  in  solid  solution  in  Cb  was  6.0  atomic  percent, 

the  partial  pressure  of  the  oxide  vapor  being  given  by  Fig.  12  and  being 

-4 

of  the  order  of  5  x  10  torr.  Above  1775*C  a  "catastrophic"  increase 
occurs  in  the  rate  of  evaporation  of  the  oxides  from  the  wire  which 
drastically  reduces  its  oxygen  content  and  leads  to  a  rapid  darkening  of 
the  chamber  walls  as  the  oxides  deposit.  From  weight  loss  measurements 
and  the  known  amounts  of  oxygen  fed  into  the  system,  it  would  seem  that 
mixtures  of  CbO  +  CbOg  vapor  are  evolved  at  temperatures  imnediately  above 
1775*C,  whereas  at  2200*C,  the  oxide  is  almost  entirely  CbgO^.  At  this 
latter  temperature,  the  oxygen  content  of  the  wire  is  about  0.1  atomic 


percent. 


The  above  experiments  are  incorporated  into  a  pseudo-phase 
diagram  shown  in  Fig.  15.  This  shows  that  a  columbium  wire  heated  at 
2200#C  in  the  Sieverts  apparatus  to  which  enough  oxygen  had  been  metered 
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to  fora  an  alloy  of  effective  composition  Cb^O,  only  retained  0.1  atomic 

percent  Og  in  solid  solution,  the  rest  having  evaporated  to  the  vails  as 

Cbo0r .  Similarly,  a  degassed  Cb  wire  heated  at  2100*C  in  the  Si everts 
*£  5 

apparatus  to  which  8.0  atomic  percent  Og  was  added,  only  retained  the  sane 
amount  of  oxygen  in  solution.  The  experiment  was  repeated  (a),  with  5  atomic 
percent  Og  in  the  wire,  (b)  with  degassed  Cb  and  5  atomic  percent  Og  in  the 
vessel.  In  either  case,  heating  to  l850*C  resulted  in  an  "equilibrium" 
solid  solution  alloy  containing  1.5  at.  percent  Og.  At  1775 *C  the  maximum 
amount  of  oxygen  which  could  be  retained  was  6.0  at.  percent. 

It  is  quite  clear  from  these  experiments  that  the  degassing  of 
columblum  at  2200*C  in  vacuum  is  not  brought  about  by  the  removal  of 
oxygen,  as  such,  from  the  lattice,  for  this  would  require  pressures  below 
10-1^  torr.  Rather,  the  degassing  is  brought  about  by  the  formation  at 
the  wire  surface  of  columblum  oxides  which  then  volatilize  away  as  vapors. 
Thus,  with  solid  columblum,  there  is  no  way  of  removing  all  traces  of 
oxygen  from  the  metal  using  conventional  vacuums  of  10~  -  1C~ '  torr,  the 
nearest  approach  being  by  actual  melting,  as  in  a  zone-refining  process, 
and  using  vac-ion  pumps.  Similar  conclusions  have  been  reached  by  Gebhardt, 
Fronsn  and  Jakob.  ^ 

Because  the  degassing  of  columblum  is  essentially  produced  by 
the  surface  formation  and  evaporation  of  columblum  oxide,  it  would  be 
anticipated  that  the  process  would  be  extremely  sensitive  to  the  pressure 
of  the  surrounding  atmosphere.  Thus,  in  the  above  series  of  experiments, 
to  produce  an  alloy  at  2200°C  of  effective  composition  Cb^O,  enough  oxygen 


was  bled  into  the  Sieve rts  apparatus  to  raise  the  pressure  from  less  than 
l<f7  to  approximately  5-0  torr.  After  formation  of  Cb20,-  vapor,  vhich 
deposited  on  the  vails,  the  final  pressure  in  the  apparatus  had  fallen  to 
7.0  x  lo” ^  torr  (mainly  residual  argon)  and  oniy  0.1  atomic  percent  02 
remained  in  solid  solution.  Oh  the  other  hand,  as  mentioned  in  Section  3*6 
(page  23),  a  sample  of  columbium  wire  heated  for  10  minutes  at  2200°C 
in  a  predominantly  helium  atmosphere  consisting  of  0.5  torr  02  and  760  torr 
He  was  found  to  he  single-phase  a-Cb  solid  solution  containing  8.2  atomic 
percent  oxygen.  From  this,  it  vould  seem  that  the  controlling  factor  is 
not  so  much  the  oxygen  partial  pressure,  but  the  total  pressure  of  the 
atmosphere  in  vhich  the  vire  is  heated  vhich  controls  both  the  rate  of 
oxide  evaporation  and  the  amount  of  oxygen  vhich  can  be  retained  in  solid 
solution.  Thus  the  partial  Cb-0  diagram  shown  in  Fig.  15  must  be  modified 
to  suit  the  prevailing  pressure  conditions. 

3.9  The  System  Cb-Hf 

The  columbium-hafnium  phase  diagram,  as  determined  by  Taylor 
and  Doyle,  is  shown  in  Fig.  16.  It  will  be  seen  from  the  diagram 
that  columbium  and  hafnium  form  a  continuous  series  of  body  centered 
cubic  solid  solutions  above  1950°C,  the  solid-solubility  of  hafnium  in 
columbium  falling  below  this  temperature  until  only  about  3^  atomic 
percent  Hf  remains  in  solution  at  1000°C. 
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3* 9*1  Lattice  Parameters  of  Cb-Hf  Binary  Alloys 

The  lattice  parameters  of  body- centered  cubic  coltmbium- 

/  20  ] 

rich  Cb-Hf  alloys,  obtained  by  Taylor  and  Doyle'  '  are  summarized  in 

Fig.  17. 

It  will  be  noted  that  the  lattice  parameter  for  "pure  Columbian" 

(from  Union  Carbide  Co.)  is  plotted  at  a  a  3*3024  £  and  that  after  an 

initial  drop,  the  parameter  increases  almost  linearly  with  hafnium  content 

until  the  solid  solubility  limit  is  reached.  We  now  know  that  the 

originally  published  lattice  parameter  of  columbium  is  too  high  as  a 

result  of  the  high  oxygen  content  of  the  metal,  the  value  for  degassed 

columbium  being  a  a  3.2966  +  0.0001  £.  The  high  result  presumably  arises 

from  the  use  of  filings  which  have  a  high  surface  area  to  volume  ratio 

which  makes  then  susceptible  to  oxygen  pickup,  and  the  use  of  a  stress- 

relieving  treatment  of  10  minutes  at  1350°C  in  a  pressure  of  about 
—5  —6 

10  -  10  torr  Og  and  760  torr  He,  such  temperature  and  pressure 

conditions  being  more  conducive  to  oxygen  pickup  rather  than  to  degassing. 
In  the  present  investigation,  degassing  conditions  were,  of  course,  much 

superior  in  that  the  samples  were  in  the  form  of  thin  wires  which  could 

.7 

be  electrically  heated  in  a  vacuum  of  <10  torr  at  temperatures  of 
2200°C  and  above. 

The  Cb-Hf  lattice  parameter  curve  is  based  on  chemically 
analysed  samples.  As  a  result,  it  could  be  used  as  a  calibration  standard 
to  determine  the  compositions  of  the  Cb-Hf  wires  prior  to  treatment  with 
oxygen  (or  nitrogen)  in  the  Sie verts  apparatus. 
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J.10  Lattice  Parameters  and  Phases  in  Cb-Hf-0  Alloys 

A  series  of  Cb-Hf  binary  alloys  in  the  forte  of  11  mil  diameter 

vire  and  containing  2.8,  k.8,  8.2,  9*6,  13*^>  13*6*  sr.d  22.3  atomic 

percent  Hf,  balance  Cb,  were  treated  in  the  Sieve rts  apparatus  with  high 

purity  Baker  oxygen  at  temperatures  ranging  from  1000  to  2200°C.  The 

phases  observed  and  the  lattice  parameters  of  o€b  primary  solid  solution 

alloys  containing  oxygen  are  given  in  Table  5* 

Based  on  the  x-ray  and  micrographic  results  it  was  possible  to 

draw  partial  phase  diagrams  of  the  Cb-Hf-0  system  corresponding  to  1000 

'.nd  1500°C.  These  are  illustrated  in  Figs.  18  and  19.  It  will  be  seen 

that  the  a-Cb  primary  solit  solution  is  quite  extensive.  At  150QcC, 

the  amount  of  oxygen  in  solid  solution  in  Cb  is  4. 75  atomic  percent, 

but  this  increases  to  approximately  9.0  atomic  percent  at  2.0  atomic 

percent  Hf,  further  additions  of  Hf  causing  the  amount  of  dissolved 

oxygen  to  fall  drastically  until  about  only  0.2  atomic  percent  of  oxygen 

is  retained  in  solid  solution  at  12  atomic  percent  Hf. 

The  oxygen  is  taken  into  interstitial  solid  solution  in  alloys 

along  the  Cb-0  edge  of  the  ternary  system.  According  to  Stringer  and 

(21) 

Rosenfeld,  '  the  oxygen  atoms  prefer  the  octahedral  to  the  tetrahedral 
sites  of  the  body  centered  cubic  columbium  lattice,  the  oxygen  atom  no 
longer  being  spherical  but  lenticular  or  toroidal  in  shape.  On  the  other 
hand,  along  the  Cb-Hf  edge  of  the  system,  the  hafnium  atoms  replace  those 
of  columbium  substitutionally  in  forming  the  primary  solid  solution. 


Both  the  addition  of  interstitial  oxygen  and  substitutional 
hafnium  in  the  respective  binary  systems  produce  an  increase  in  the 
lattice  parameter  of  the  coiumbium  natrix.  It  uould  therefore  be 
anticipated  that  the  joint  addition  of  oxygen  and  hafnium  would  produce 
a  corresponding  increase  in  the  cclumbium  unit  cell  size,  but  this  is 
not  the  case.  As  may  be  seen  from  the  isoparametric  contours  drawn 
across  the  OkCb  phase  field  in  Fig*  18,  there  is  a  valley  running  through 
the  Cb-corner  of  the  system  where  the  lattice  parameter  is  virtually 
that  of  pure  Cb,  namely  a  »  3.2986  R. 

Ike  nature  of  this  valley  can  best  be  seen  by  plotting  the 
lattice  parameters  at  various  oxygen  levels  as  a  function  of  the  hafnium 
content.  This  is  shown  in  Fig.  20.  With  zero  oxygen  in  solution,  the 
lattice  parameters  of  the  O-Cb  phase  rise  continuously  with  Hf  content, 
but  those  corresponding  to  1.0,  2.0,  h.O,  and  6.0  atomic  percent  Og 
first  drop  linearly  with  increasing  Hf,  reaching  a  sharply  defined 
minimum  value  which  is  little  different  from  that  of  the  lattice  parameter 
for  pure  Cb,  and  then  rise  again  in  an  almost  linear  fashion. 

The  positions  of  these  minima  are  extremely  interesting.  The 
minimum  for  1.0  atomic  percent  Og  is  seen  to  occur  at  0.5  atomic  percent 
Hf;  that  f or  2  atomic  percent  Og  occurs  at  1.0  atomic  percent  Hf,  and  so 
on.  In  other  words,  the  minima,  or  the  valley  in  the  isoparametric 
surface  of  the  O-Cb  Slagle  phase  field,  occur  at  an  0:Hf  atomic  ratio  of 
2:1.  As  a  result,  the  valley  runs  across  the  a-Cb  single  phase  field  from 
the  Cb-comer  and  in  »  direction  where  it  forms  a  continuous  straight  line 
with  the  tie-line  joining  the  ot-Cb  phase  boundary  composition  with  HfOg. 


97.2  2.8  j  5  hr  1000  1  8.0  O-Cb  +  CbO  4  HfOp  1 


A  possible  interpretation  of  this  result  nay  be  as  follows. 

The  oxygen  ions  tend  to  occupy  the  octahedral  sites  of  the  body  centered 
cubic  matrix,  thus  lying  at  the  mid-points  of  the  cell  edges.,  whereas 
the  hafnium  atoms  go  into  the  cube  comers,  replacing  coiumbium.  A  form 
of  "clustering"  nay  now  occur  in  which  randomly  dispersed  "molecules"  of 
HfOg  form  within  the  Cb  lattice,  an  ion  of  Hf  being  flanked  on  either  side 
by  an  oxygen  ion.  In  forming  such  a  molecule,  each  oxygen  would  gain 
two  electrons  from  the  Hf,  and  increase  their  effective  ionic  radius, 
but  in  losing  its  four  valence  electrons  to  then,  the  hafnium  would  decrease 
in  size.  The  net  effect  would  be  a  cancellation  of  charges  and  sizes 
which  would  tend  to  leave  the  lattice  as  a  whole  with  a  parameter  very 
little  different  from  that  of  pure  Cb.  A  study  of  Fig.  20  shows  that, 
in  reality,  the  valley  is  not  quite  level  but  rises  slightly  with  Hf 
content. 

The  state  of  affairs  described  above  would  apply  only  to  O-Cd 
alloys  lying  along  the  line  Cb-HfOg.  Any  oxygen  in  excess  of  the  2:1 
ratio  would,  of  course,  be  distributed  at  rardotn  throughout  the  remaining 
octahedral  sites  in  the  lattice.  Such  alloys  would  be  expected  to  behave 
very  much  like  Cb-0  binary  alloys  and  become  extremely  brittle  at  the 
higher  oxygen  levels.  This  is  indeed  the  case.  On  the  other  hand,  ot-Cb 
alloys  lying  on  the  other  side  of  the  Cb-HfOg  l*’.e  and  containing  Hf  in 
excess  of  that  required  to  form  Hf0o  molecules,  would  be  expected  to 
he  ductile,  and  this  is  what  is  actually  found.  Furthermore,  in  going 
from  the  "more  metallic"  Hf-rich  o phase  alloys  to  the  "3  ess  metallic" 
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O-rich  alloys  on  crossing  the  Cb-HfOg  line,  a  sharp  increase  in  electrical 
resistivity  would  be  anticipated  due  to  electron  scattering  produced  by 
the  excess  interstitial  oxygen.  This  expectation  is  fully  borne  out  by 
the  results  presented  in  Fig.  21  which  shows  the  electrical  resistance 
at  15Q0°C  of  a  2.6  Hf  97-2  Cb  wire  to  which  varying  atomic  percentages 
of  Og  have  been  added  at  temperature  in  the  Sieverts  apparatus.  As  nay 
be  seen,  on  exceeding  the  critical  oxygen  content  for  stoichiometric 
HfOg  molecule  formation,  there  is  an  extremely  sharp  rise  in  the  electrical 
resistance. 

4.  Mitriding  of  Cb  and  Cb-Hf  Alloys 

^.1  General  Introduction  —  Previous  Work 

The  adsorption  of  nitrogen  by  coluabiura  under  various  conditions 
of  temperature  and  pressure  has  been  studied  by  a  number  of  authors. 

A  comprehensive  investigation  of  the  system  by  direct  synthesis  of  Cb  and 
N  using  oxygen-free  preparations  and  up  to  1500°C  was  carried  out  by 
Brauer  and  Jander^22^  and  Brauer  and  Esselborn,^2^  while  the  synthesis 
of  &-CbB  under  a  nitrogen  pressure  of  up  to  60  atmospheres  was  studied  by 
Brauer  ana  Kirner,^2*^  The  system  was  also  studied  by  SchBnberg^2^  who 
nitrided  columbium  in  ammonia  at  temperatures  between  JOO°  and  1100°C, 
while  the  structures  of  the  various  nitrides  were  studied  by  Terao^2^ 
using  electron  diffraction  and  x-ray  techniques.  The  results  of  Brauer 
et  al.  and  SchSnberg  differ  to  some  extent,  presumably  due  to  the  methods 
of  preparation,  a  summary  of  the  phase  structures  found  being  given  in 
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Table  4  and  schematically  represented  in  Fig.  22.  Also  included  in 
Fig.  22  are  the  results  obtained  by  Elliott  and  Konjathy^2^  for  Cb-lf 
phases  at  l450°C.  Below  about  1300°C,  the  "CblV  phase  changes  from  face 
centered  cubic  to  hexagonal. 

As  would  be  expected,  the  amount  of  nitrogen  taken  into  solid 
solution  in  body  centered  cubic  a-Cb  is  a  function  of  the  temperature  and 
the  pressure.  According  to  Brauer,  Cb  takes  less  than  4.75  at.  £  N  into 
solid  solution,  whereas  at  1  atmosphere  ]?2  pressure,  Elliott  and  Kocijathy 
show  it  to  take  about  1.5  at.  £  N  at  1000°C,  5  at.  $  R  at  1500°C,  and  about 
14  at.  $  N  at  2400°C.  However,  as  found  by  DOrrschnabel  and  H9rz^2^ 
quenching  Cb  wire  of  diameter  0.8  nn  (32  mils)  from  temperatures  ranging 
from  1560  to  1960°C  and  nitrogen  pressures  ranging  from  1  x  10-^  to 
1  x  10~2  torr  (25  seconds  to  500°C,  or  7  seconds  in  argon)  did  not  retain 
more  than  about  1.3  at.  %  1?£  in  solid  solution. 

The  solid-solubility  of  nitrogen  in  colimsbium  has  also  been 

investigated  as  a  function  of  pressure  and  temperature  using  a  Sieverts 

(29)  (30) 

type  c*f  apparatus  by  both  Cost  and  Wert'  and  Gebhardt,  Fromm  and  Jakob.  ' 

This  technique  does  not  require  cooling  the  sample  down  before  measuring 

the  nitrogen  content  and  is  therefore  free  from  the  problem  of  nitrogen 

loss  caused  by  nitride  precipitation.  The  solid  solubility  results  of 

Cost  and  Wert  indicate  about  10  at.  percent  nitrogen  in  solid  solution 
o  •»! 

at  2000  C  and  3*0  x  10  torr  and  Gebhardt  obtains  10  at.  percent,  while 
Elliott  obtains  about  6.5  at.  percent  referred  to  1  atmosphere  pressure 
(see  Rer.  (30),  Fig.  8). 
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Table  4 


Phases  In  the  System  Cb-N 


Phase 

Crystal 

Structure 

Hbrogeneity 
range.  Atomic 
percent  Nitrogen 

Lattice  Parameters 

X 

r 

! 

1 

Brauer  et  al. 

Cb 

b.c.c* 

0  -  <  2.0 

a»3. 301(4)  -  3.302(6) 

CbgS 

h.c.p. 

28.5  -  32.4 

a=3*062,  c=4.966,  c /a=l . 622  to 
a»3.054,  c=5.005,  c/aai.639 
(from  kX) 

CbN 

Tet.  deformed 
Nad 

42.6  -  44.1 

a=4.394,  c=4.321,  c/a-0.983  to 
0=4.396,  c=4.339,  c/aaO.987 
(from  kX) 

CbN  III 

f.c.c.  RaCl 

45.4  -  48.5 

a=4.3 86  to  a=4.389 
(from  kX) 

CbN  II 

htC  *p« 

46.7 

a*2.93 ,  a«5*45,  c/aad.87 

CbN  I 

hexagonal 

50.0 

a=2.956,  call .274,  c/a=3.82 

Schflnberg 

Cb 

'"'"b.c.c. 

1 

0  <  2.0 

— 

P 

h.c.p. 

•  As  for  Cb^N  above 

— 

r 

1 

Hexagonal 

WC-type 

44.4  -  47.4 

a«2.950,  0=2.772,  c/a=0.940  to 
a=2.958,  0=2.779,  c/W).939 

6 

h.c.p. 

Same  as  CbN  II  above 

a=2.968,  0=5.535,  c/a*1.865 

€ 

Hexagonal 

Same  as  CbN  I  ibove 

a=2.952,  call.25,  c/a»3.8ll 
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4.2  Lattice  Parameters  of  the  O-Cb(N)  Primary  Solid  Solution 

(22) 

According  to  Brauer  and  Jander  the  roots  temperature  lattice 

parameter  of  Cb  after  annealing  in  a  high  vacuum  at  1000°C  for  1  hour  is 

3»30l(4)  whereas  a  two  phase  c*-Cb  +  Cb^N  alloy  containing  4.7  atomic 

percent  bad  a  somewhat  higher  parameter  a  =  3*302(6)  X  (from  kX),  the 

actual  amount  of  nitrogen  retained  in  solution  at  room  temperature  being 

doubtful  and  at  most  2  at.  percent.  Similar  results  were  obtained  by 

Schflnberg  using  columbium  powder  nitrided  in  ammonia  at  temperatures 

between  700°  and  1100°C.  On  the  other  hand,  based  on  rapidly  cooled  wire 

of  diameter  30  mils,  Dttrrschnabel  and  H8rz^2^  obtained  a  =  3*300(0)  ft 
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for  Cb  wire  degassed  for  13  minutes  at  about  2240  C  and  5  x  10*  torr  and 
a  »  3*304(1)  R  for  Cb  containing  1  at.  percent  nitrogen  in  solution. 
However,  the  rate  of  cooling  was  not  particularly  fast  (25  seconds  to  reach 
500  C  in  1  x  10  torr  1?2,  or  7  seconds  in  argon)  and  ample  time  would 
he  available  for  the  formation  of  a  nitride  precipitate. 

Some  preliminary  nitriding  experiments  were  carried  out  during 
the  present  investigation  using  the  same  bell-jar  apparatus  and  dynamic- 
leak  method  as  for  the  oxidising  experiments  described  in  Section  3*3*1 
(page  17),  a  nitrogen  purification  train  being  inserted  between  the 
nitrogen  cylinder  and  the  bell  jar  to  remove  any  traces  of  oxygen  from  the 
gas  (Pig.  5)*  She  train  consisted  of  a  resistance  furnace  fitted  with  an 
Inconel  tube  packed  with  fine  copper  turnings  heated  to  about  300°C  over 
which  nitrogen  was  stored  at  10  pounds  pressure.  This  reduced  oxygen 
pickup  considerably. 


A  suamazy  of  the  x-ray  and  microscopical  findings  for  11  mil 
Cb  vire  heated  for  various  tines  and  pressures  in  the  nitrogen  purified 
as  above  is  given  in  Table  5,  where  corrections  are  applied  so  the  observed 
lattice  parameters  of  the  os-Cb-N  solid  solution  to  allow  for  the  oxygen 
content  of  the  wire. 

A  plot  of  corrected  lattice  parameters  versus  analyzed  nitrogen 
content  for  radiation-quenched  Cfc-N  wires  is  presented  in  Fig.  23.  Ifce 
number  of  experimental  points  is  small  and  the  relationship  between 
composition  and  lattice  parameter  is  assumed  to  be  linear,  as  it  is  in  tke 
Cb-0  system.  With  these  limitations  in  mind,  it  would  seem  from  the 
x-ray-  data  that  the  maximum  amount  of  nitrogen  that  can  he  retained  in 
columbium  on  quenching  from  l680°C  after  equilibrating  in  an  atmosphere 
of  5  x  10  torr  Ng  is  1.05  atomic  percent,  the  corresponding  room 
temperature  lattice  parameter  being  a  =  3«306o  &. 

The  lattice  parameter  change  produced  by  the  nitrogen  interstitially 
dissolved  in  columbium  is  relatively  large,  the  value  of  a  increasing  from 
the  extrapolated  value  of  3-2986  R  for  pure  columbium  to  a  »  3*306o  k 
at  1.05  at.  percent  nitrogen.  As  shown  in  Fig.  24,  the  rate  of  increase 
in  lattice  parameter  with  nitrogen  content  (curve  a)  is  appreciably  higher 
than  for  the  corresponding  oCfc-0  solid  solution  (curve  c).  Also  plotted 
in  Fig.  24  are  the  parameter  data  of  DQrrschnabel  and  Hflrz  (curve  b),  ^ 

which  indicates  a  lower  rate  of  parameter  increase  than  our  own.  This  is 
due,  in  all  probability,  to  a  higher  initial  Cb  parameter  resulting  from 
incomplete  de-oxidation,  and  to  too  low  an  a-Cb-N  parameter  resulting  from 


the  loss  of  nitrogen  as  precipitated  nitride  on  account  of  the  relatively 
slow  cooling  rate  of  their  30  mil  diameter  wire  specimens. 

Photomicrographs  of  columbium  11  mil  diameter  wires  nitrided 
in  the  bell- jar  using  the  dynamic  leak  method  show  good  penetration  toward 
the  center,  the  distribution  of  the  nitride  phase  Cb^N  apparently  being 
somewhat  more  uniform  at  the  higher  nitrogen  concentrations.  This  point 
is  borne  out  by  Figs.  25  and  26  which  show  longitudinal  and  transverse 
sections  of  a  wire  nitrided  for  10  minutes  at  l68o°C  and  5  x  10""^  torr, 
and  containing  1.75  at.  percent  nitrogen,  0.09  at.  percent  oxygen,  and 
Figs.  27  and  28  which  show  longitudinal  and  transverse  sections  of  a 
columbium  wire  nitrided  for  10  minutes  at  l68o°C  and  5  x  10~^  torr,  the 
analyzed  nitrogen  and  oxygen  corVhts  being  5*10  and  0.09  atomic  percent, 
respectively.  In  both  cases,  nitride  has  formed  both  within  the  grains 
and  at  the  grain  boundaries.  This  behavior  is  quite  unlike  that  of  the 
Cb-0  alloys  where  the  oxide  tends  to  form  on  the  outside  of  the  wire. 

4.3  Determination  of  Nitrogen  Solubility  by  the  Dynamic  Leak 
and  £i'e  verts  Methods 

Originally  the  solubility  of  nitrogen  in  columbium  as  a  function 
of  pressure  and  temperature  was  determined  by  the  dynamic  leak  method, 
analyzing  the  samples  for  nitrogen  and  oxygen  after  quenching  to  room 
temperature.  By  this  means,  the  solid-solubility  limit  of  nitrogen  could 
be  determined  lsobarically  or  isotherraally,  both  methods  leading  to  the 
same  results. 
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In  the  isobaric  approach,  the  pressure  was  held  constant  while 

the  wire  sample  adsorbed  nitrogen.  By  reducing  the  heating  current  and 

slowly  cooling  the  wire  under  isobaric  conditions  a  point  is  reached  at 

which  CbnN  begins  to  form  both  on  the  surface  of  the  wire  and  its  interior. 

This  point,  which  corresponds  to  the  solid  solubility  limit  of  nitrogen  in 

the  primary  oCb  chase,  may  readily  be  established  by  observing  the  power 

input  to  the  vir'  on  a  sensitive  wattmeter  while  simultaneously  noting  the 

brightness  temperature  of  the  wire  as  indicated  by  an  optical  pyrometer. 

Due  to  the  combined  effects  of  resistivity  increases  on  forcing  and 

(15) 

the  emissiviby  change  from  0.37^  for  Cb  to  0.23  for  Cb^N,  the  onset  of 
nitride  formation  reveals  itself  by  a  sharp  break  in  the  curve  relating 
watts  input  to  the  wire  with  the  observed  temperature  as  shown  in  Fig.  2 9* 

Once  the  discontinuity  has  been  located,  it  may  be  repeatedly 
traversed  backwards  and  forwards  to  establish  the  equilibrium  temperature 
at  the  preset  pressure.  At  this  point,  the  wire  is  radiation  quenched 
from  the  Cf~Cb  phase  limit  and  its  nitrogen  content  deteiwined  by  chemical 
analysis.  A  determination  of  nitrogen  content  may  also  be  made  by  the  lattice 
parameter  technique  once  a  lattice  parameter  versus  nitrogen  content  curve 
has  been  established,  provided  no  nitride  precipitation  occurs  during  the 
quenching  process. 

The  alternative  technique,  which  is  somewhat  more  difficult  to 
employ,  but  which  yields  almost  identical  results,  is  to  maintain  the  wire 
temperature  constant  and  gradually  increase  the  dynamic  pressure  of  the 
nitrogen  until  the  solid-solubility  limit  i.:  reached  and  Cb^Jf  conraences 
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to  form.  This  point  is  marked  by  a  sharp  break  in  trie  watts  input  versus 
nitrogen  pressure  curve,  and  also  by  a  marked  instability  in  the  readings 
of  the  pressure  gauges. 

The  above  techniques  were  superseded  by  the  Sieverts  method 
briefly  mentioned  xn  Section  5.3  (page  16),  and  in  which  ultra-pure  Baker 
nitrogen  was  used.  The  great  advantage  to  be  gained  by  employing  this 
a?  ternativo  approach  is  that  no  chemical  analysis  of  the  nitrided  sample  is 
required,  it  being  possible  to  compute  directly  frum  the  initial  weight 
of  the  wire  and  from  the  initial  and  final  nitrogen  pressures,  the  precise 
amount  of  nitrogen  adsorbed  at  temperature ♦  Moreover,  since  the  total 
volume  or  the  Sieverts  apparatus  is  only  1.8  liters  (including  McLeod  gauge) 
as  against  about  W1.5  liters  for  the  bell- Jar  apparatus,  the  Sieverts 

apparatus  can  be  completely  baked  out  by  heating  to  500-400°C  overnight 
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under  a  vacuum  of  10  to rr.  Such  a  procedure  is  impossible  with  the 

bell  jar.  Furthermore.  y.-T  using  GranvilT e^Fhiilip''  oakeafcie  valves, 

"Con flat"  all-Bfetei  joints  and  gold-wire  gasket  seals,  the  leak  rate  of 
the  Sieverts  equipment  could  be  reduced  to  negligible  proportions.  This 
was  not  the  case  with  the  be  11- Jar  apparatus  which  was  fitted  with 
conventional  synthetic  rubber  0-rlng  seals  and  gaskets.  However,  it  is 
Interesting  to  note  that  the  final  results  obtained  by  both  the  dynamic 
leak  and  Sieverts  methods  were  surprisingly  similar. 

The  Sieverts  apparatus  my  be  employed  in  two  different  ways  to 
determine  the  pressure-teoperature-coraposition  relationship*  The  first 
of  these  is  a  constant  temperature  method  in  which  a  series  of  small 
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additions  cf  known  amounts  of  nitrogen  is  made  to  the  degassed  specimen 
which  is  held  h%  c.  given  temperature  in  tne  system,  the  entire  \pparatus 
being  ba’"v3  -  at  v.  pressure  of  10*^  torr  approximately.  After  each 
nitrogen  addition,  the  pressor*  in  the  system  is  followed  as  it  decreases 
with  time  until  it  finally  becomes  constant.  At  this  stage,  the  nitrogen 
is  in  therraodynami '  equilibrium  with  the  solid  wire  specimen.  After 
noting  the  equilibrium  pressure  and  the  composition  of  the  specimen  a 
new  increment  of  nitrogen  is  introduced  into  the  system  and  the  procedure 
repeated. 

An  alternative  to  this  first  method  -as  also  employed,  in  that 
after  equilibrium  was  obtained  at  1500°C,  the  temperature  was  raised  in 
stages  to  1750,  2000,  and  2200°C  respectively-and  the  equilibrium  pressures 
noted  ut  these  temperatures.  The  wire  was  quenched  from  2200°C  and  a 
small  increment  of  nitrogen  introduced  into  the  system,  after  which  the 
equilibrium  pressures  were  again  measured  at  1500,  1750,  2000  and  2200°C. 

In  practice,  this  technique  prov<?d  the  more  convenient. 

It  is,  in  essence,  a  constant  composition  method,  for  if  we 
take  into  account  the  macs  of  the  wire  and  the  small  volume  of  the  Sieverts 
apparatus,  it  is  found  that  relatively  trivial  changes  in  the  amount  of 
adsorbed  nitrogen  will  produce  quite  large  changes  in  the  pressure  of  the 
surrounding  nitrogen  atmosphere.  However,  a  small  correction  must  be 
applied  for  the  highest  temperatures.  This  is  done  by  noting  the  equilibrium 
pressure,  quenching  the  wire,  and  measuring  the  final  pressure  when  the 
apparatus  has  cooled  to  room  temperature  since  all  composition  calculations 
must  be  referred  to  nitrogen  at  standard  temperature  and  pressure. 
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In  using  the  above  method,  the  first  ,-ftrid^  to  form  is  Cb^B- 
The  composition  and  pressure  at  which  the  Cb^S  forms  Sx»ne diately  yields 
tbs  terminal  solid  solubility  limit  of  the  a -Cb  solid  solution  and  the 
decomposition  pressure  of  Cb^N  for  the  constant  temperature  at  wh.,eh  tbs 
measurements  were  made.  Any  further  additions  of  nitrogen  at  this 
equilibrium  temperature  merely  results  in  the  formation  of  oo re  Co^N,  the 
pressure  remaining  constant  at  the  equilibrium  value. 

U.h  Discussion  of  the  Nitriding  Results 

As  distinct  from  the  dynamic  equilibrium  in  the  Cb-0  system 

where  OCb  with  oxygen  in  solution  was  in  contact  with  oxide  vapor,  in 
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the  case  of  the  Cb-N  system  the  adsorption  of  nitrogen  takes  place  at 
temperatures  and  pressures  at  which  only  nitrogen  gas  and  a-Cb  solid- 
solution  co-exist.  Thus,  the  process  is  strictly  reversible;  if  the 
temperature  is  raised  above  tire  equilibrium  value  the  adsorbed  nitrogen  is 
released  as  nitrogen  gas,  while  if  the  pressure  i3  raised  more  nitrogen  is 
adsorbed.  It  is  assumed  that  the  nitrogen  gas-phase  consists  of  diatomic 
molecules  which  split-up  into  atoms  at  the  metal  surface  before  going 
into  solid  solution.  We  may  therefore  write 

i  N,  (gas)  m  N  (solution)  .  (1) 

Thus,  according  to  Sieverts  Law,  the  equilibrium  concentration 
x  of  nitrogen  in  solid  solution  at  the  temperature  T  3hould  be  expressible 
by  an  equation  of  the  form: 


X  c 


(2) 


constant  (p_  )^/2  exp  (Q/RT) 
n2 

where  x  is  in  atomic  percent,  p„  is  the  nitrogen  pressure  and  Q  is  the 
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heat  of  solution  of  nitrogen  in  columbiunt  in  calories  per  gram  atom. 

(29) 

Cost  and  Wert'  using  a  Sieverts  apparatus  obtained 

x  «  6.2  x  10“k  (p„  J1/2  exp  (46,000/fcT)  (3) 

a2 

where  p„  is  in  torr. 

H2 

A  plot  of  log  p„  versus  log  x  as  abscissa  for  constant  T 
fl2 

should  yield  a  siraignt  line  -with  a  slope  of  2.  Our  own  results,  obtained 

with  the  Sieverts  apparatus,  are  plotted  in  this  manner  in  Fig.  30  for  the 

temperature  range  1 500-2200° C.  It  will  be  seen  that  the  results  plot  as 

perfectly  straight  lines  with  a  slope  of  2  as  required  by  theory. 

A  critical  examination  of  the  log  p^  versus  log  x  plots 
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of  Cost  and  Wert  which  cover  a  similar  pressure  range,  namely  10  to 

10’L  torr  approximately,  shows  that  average  lines  of  slope  2  were  drawn 

through  the  experimental  points.  Actually,  the  curve  for  1525°  has  a  slope 

of  I.57  if  drawn  accurately  through  the  points,  while  the  curves  for  1760 

and  2255°  show  quite  distinct  breaks,  the  upper  portions  of  the  curves  at 

high  pressure  ends  of  the  range  having  slopes  of  1.62  and  l.k2  respectively. 

(25) 

Similarly,  the  curves  obtained  by  Gebhardt,.  Fromm  and  Jakob'  '  have 
slopes  of  2  for  temperatures  ranging  from  l600°  to  2000°,  but  the  curve 
for  2100°  has  a  slope  of  only  1.8.  It  is  possible  that  the  departure  from 
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the  theoretical  slope  is  associated  with  the  pickup  of  oxygen  in  the 

higher  temperature  and  pressure  ranges,  or  failure  to  obtain  true 

equilibrium  on  account  of  the  size  o*  %he  specimens. 

The  isothermal  plots  of  log  p„  versus  log  x  presented  in 
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Fig.  50  may  be  converted  to  constant  composition  curves  as  shown  in  Fig.  51 

in  which  log  p„  is  plotted  as  a  function  of  10^/T(°K).  These  lines 
H2 

terminate  at  the  solid-solubility  limit  of  the  oCb-N  primary  solid  solution 
and  mark  out  the  line  which  gives  the  decomposition  pressure  of  Ct^N  as 
a  function  of  l/T. 

Using  the  p-T-x  data  in  Figs.  50  and  51#  the  solid-solubility 
limit  of  nitrogen  as  a  function  of  l/T  can  be  drawn  as  shown  in  Fig.  52. 

As  shown  by  the  Figure,  the  present  set  of  results  is  remarkably  close  to 
those  published  by  Cost  and  Wert  and  by  Gebhardt>  Fromm  and  Jakob,  for 
temperature.'  above  1500°C,  thus  confinning  the  thermodynamic  data 
incorporated  in  equation  (5)  (page  51). 

4.5  Nitrogen  Retained  on  Quenching 

Figures  30-55  illustrate  the  amount  of  nitrogen  which  can  be 
held  in  interstitial  solid  solution  within  the  body-centered  cubic  OCb 
matrix  at  a  particular  temperature  and  surrounding  nitrogen-gas  pressure. 

The  question  which  now  arises  is  how  much  of  this  nitrogen  can  be  retained 
in  solution  on  quenching.  As  mentioned  above,  Dttrrschnabel  and  H8rzv  ' 

quenched  Cb  wire  of  diameter  0.8  nan  (52  mils)  from  temperatures  ranging 
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from  1560  to  i960  C  and  nitrogen  pressures  ranging  from  1  x  10  to 
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1  x  10  torr  and  did  not  retain  more  than  1.3  at.  $  in  solid  solution. 
(Ho  proof  was  offered  that  the  quenched  alloys  were  single  phase  o-Cb. ) 

Our  own  investigations  with  the  dynamic  leak  method  seemed  to  indicate  that 
the  maximum  amount  of  nitrogen  which  can  be  retained  in  solid  solution 
on  quenching  11  mil  Cb  from  l68o°C  after  equilibrating  in  an  atmosphere 
of  5  *  10’k  torr  N2  is  1.05  atomic  percent. 

When  the  Sieve rts  apparat'ts  became  available,  some  additional 
quenching  experiments  were  carried  out.  Using  ultra-high  purity  Baker 
nitrogen,  a  ll*.3  mil  diameter  Cb  wire  was  doped  with  9.1*8  atomic  percent 
N2  at  2200°C  in  an  equilibrium  pressure  of  1  torr  V2  and  then  quenched. 

The  x-ray  diffraction  pattern  of  the  wire  showed  it  xo  be  two-phase, 

OCb  +  CbgN.  The  lattice  parameter  of  the  ct-Cb  solid  solution  was 
a  «  3.30l*(2)  R,  correspondirg  to  a  retained  nitrogen  content  of  0.7T  atomic 
percent,  based  on  the  calibration  curve  shown  in  Fig.  23*  Similar  lattice 
parameter  results  were  obtained  for  the  same  batch  of  wire  containing 
2.0k  atomic  percent  Ng  and  quenched  from  2200°C  at  the  equilibrium  pressure 
of  1*.6  x  10~2  torr,  the  lattice  parameter  now  being  a  *  3*303(7)  R 
corresponding  to  about  0.72  atomic  percent  N2  retained  in  solid  solution. 

It  would  seem  that  the  extremely  rapid  rate  of  nitride  formation 
prevents  the  a-Cb  solid  solution  from  retaining  more  than  about  1.0  atomic 
percent  in  the  lattice,  the  amount  retained  being  extremely  sensitive 
to  the  rate  of  quench,  being  lower  for  the  thicker  wires  and  lower  gas 
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On  being  precipitated  during  a  quench,  the  rapidly  forming 
Cb^N  phase  produces  an  extremely  fine  Widnannst&tten  structure.  At  the 
higher  nitrogen  levels,  precipitation  is  general  throughout  the  grains 
and  along  the  grain  boundaries  as  shown  in  Fig.  33  for  Cb  +  9*48  atomic 
percent  Ng,  quenched  from  2200 °C.  At  low  nitrogen  contents,  precipitation 
of  Cb^N  in  wire  quenched  from  2200  C  is  confined  mainly  to  the  grain  and 
sub-grain  boundaries  as  shown  in  Fig.  34  for  Cb  +  2.04  atomic  percent  Ng. 


4.6  The  System  Columbiurn-Hafnium 

This  constituent  binary  system  of  the  ternary  system  Cb-Hf-N 
has  already  been  dealt  with  in  Section  3*9  (page  32),  and  the  lattice 
parameters  in  Section  3*9*1  (page  32). 


4.7  The  System  Hafnium-Nitrogen 


The  only  information  on  this  system  is  that  it  forms  the  nitride 
HfN.  This  compound  hes  a  metallic  character,  melts  at  3310°C  and  has  a 
face-center 'd  cubic  structure  of  the  Bl-NaCl  type  with  a  *=  4.52  +  2 
It  is  probable,  however,  that  Hf  takes  some  nitrogen  into  solid  solution. 


4.8  The  System  Cclumbium-Hafnium-Nitrogen 

Since  the  amount  of  nitrogen  which  can  be  retained  in  solid 
solution  in  the  oe-Cb  phase  is  conditioned  by  the  pressure  of  the  nitrogen 
atmosphere  and  the  decomposition  pressures  of  the  Cb^N  and  HfN  phases,  it 
is  possible  only  to  draw  a  pseudo-equilibrium  diagram  of  the  Cb-Hf-N  system 
for  any  particular  temperature  isothermal. 
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When  nitrogen  is  added  to  pure  colunbium  in  the  Sieverts 

apparatus,  the  pressure  falls  to  the  decomposition  pressure  of  the  Cb^N 

phase  corresponding  to  the  temperature,  should  the  nitride  begin  to  form. 

This  pressure  is  given  by  the  log  p„  versus  l/T  plot  in  Fig.  Jl, 
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shown  as  the  heavy  line.  Thus  for  temperatures  within  the  range  1400  to 
2300°C,  the  decomposition  pressure  of  Cb^N  varies  from  10~ ^  to  10^  torr 
and  lies  within  the  range  of  measurements  of  the  McLeod  gauge  employed 
with  the  Sieverts  apparatus.  Thus  the  solid-solubility  limit  of  nitrogen 
in  ct-Cb  can  be  determined  from  a  measure  of  the  nitrogen  pressure. 

However,  this  no  longer  becomes  possible  when  doping  Cb-Iif 
alloys  with  nitrogen  because  if  HfN  forms,  the  decomposition  pressure  falls 
far  below  that  of  the  range  of  the  McLeod  gauge  and  cannot  be  determined. 

All  that  can  be  done  is  to  compute  the  total  nitrogen  content  of  the  ternary 
alloy  so  formed,  and  use  x-ray  diffraction  and  micrographic  techniques 
to  establish  the  identities  and  quantities  of  the  phases  present. 

Figure  55  illustrates  the  case  for  an  alloy  of  atomic  composition 
90.4  Cb  9.6  Hf  to  which  15  atomic  percent  of  nitrogen  has  been  added  in 
the  Sieverts  apparatus  (the  effective  atomic  percentages  of  Cb  and  H'f 
will  be  correspondingly  reduced  by  the  nitrogen  addition,  but  their  ratio 

will  remai^  90.4/9.6).  At  time  t  *  0  and  1500°  the  pressure  in  the 
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Sieverts  apparatus  is  2.5  torr  and  it  falls  to  10  torr  after  about 
58  minutes,  after  which  it  remains  constant.  Thus  virtually  all  the 

nitrogen  has  been  adsorbed  by  the  alloy,  and  its  average  nitrogen  content 
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is  established.  The  residual  pressure  of  10  torr  can  easily  be  accounted 
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for  by  the  60  ppm  of  argon  which  is  the  chief  impurity  in  Baker  nitrogen. 

_7 

By  quenching  the  wire  and  pumping  the  system  down  to  10  1  torr,  re- isolating 
it  and  reheating  the  wire  to  1500°C,  it  is  found  that  there  is  no  appreciable 
increase  in  pressure,  which  remains  below  the  range  of  the  McLeod  gauge, 
and  hence  no  free  nitrogen  gas  evolved  by  the  wire. 

After  the  above  experiment,  the  wire  was  again  quenched  and 
examined  by  x-ray  and  micrographic  methods.  The  Debye-Scherrer  pattern 
showed  it  to  consist  of  the  ;ixree  phases  o-Cb  +  Cb0N  +  HfN,  although  this 
would  by  no  means  be  obvious  from  the  microstructure  shown  in  Fig.  36. 

From  experience  with  the  Cb-N  binary  system,  it  is  probable  that  the  grain 
boundary  phase  consists  of  CbgN. 

Binary  Cb-Hf  alloys  in  the  form  of  wire  and  respectively  containing 
2.8,  4.8,  9.6,  and  22.3  atomic  percent  Hf  were  degassed  at  2200 °C  in  the 
Sieverts  apparatus  and  then  doped  at  1500°C  with  varying  amounts  of  nitrogen 
ranging  up  to  25  atomic  percent  of  the  final  alloy  composition  and  then 
quenched  on  attaining  equilibrium.  The  x-ray  and  micrographic  findings 
are  summarized  in  Table  6  and  incorporated  in  the  pseudo-equilibrium  diagram 
in  Fig.  37»  due  allowance  being  made  for  the  shifts  in  composition 
produced  by  adding  the  nitrogen. 

It  will  be  noted  that  the  os-Cb  phase  Cb-Hf  alloys  all  have  a 
nitrogen  solubility  limit  of  less  than  0.5  atomic  percent  at  1500°C,  the 
lack  of  a  WidmannstStten  structure  in  the  microstructures  and  the  sharpness 
of  the  Debye-Scherrer  pattern  of  the  second  phase  indicating  that  the 
alloys  were  definitely  two-phase  at  temperature .  The  second  phase. 
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Cb  77-7  Hf  22.3  0  degassed  10  min  2200°C  a-Cb,  a  =  3-3466  3 

1,0  3  hrs  1500°C  OCb,  a  =  3-348(7)  K  Ct-Cb  +  trace  HO 

15.0  3  hrs  lpOO°C  a-Cb  +  HfN,  a  =  3-505(9)  R  o-Cb  +  HfN 

24 .0  2  hrs  1500°C  a- Cb  +  HfN  +  C’o  N,  a  =  3-304(1)  R  a-Cb  +  HfN  +  CbpM 


in  this  case,  is  not  Cb^N  as  would  be  expected,  but  face-centered  cubic 
HfN. 

The  HfN  phase  is  probably  close  to  the  stoichiometric  composition, 
through  this  point  should  be  explored  further,  but  the  CbgN  phase  is  found 
to  extend  some  distance  into  the  system  as  shown  in  Fig.  37.  The  a-Cb 
and  CbgN  apices  of  the  ternary  triangle  a-Cb  -  CbgN  -  HfN  have  been  fixed 
on  the  basis  of  the  lattice  parameters  of  the  a-Cb  and  CbgN  phases. 

On  account  of  the  extremely  low  decomposition  pressure  (<  lo”D  torr) 
of  the  HfN  phase,  it  is  probable  that  the  a-Cb/ct-Cb  -  HfN  phase  boundary 
is  not  very  sensitive  to  changes  in  nitrogen  pressure,  so  that  the  a-Cb 
apex  of  the  triangle  OCb  +  CbgN  +  HfN  is  fixed.  On  the  other  hand,  the 
o-Cb/a-Cb  +  cbgN  boundary  will  be  sensitive  both  to  pressure  and 

temperature,  and,  at  15G0°C,  will  lie  at  about  2.5  atomic  percent  Ng  at 

-  -5  -1 

fax  10  •  torr,  and  at  about  10.0  atomic  percent  Ng  at  3*0  x  10  torr. 

It  is  alsc  highly  probable  that  tho  boundary  of  the  CbgN  phase-field  is 

both  pressure  and  temperature  sensitive. 

5.  Columbium-Rich  Cclumbiura-B&fniutn-C&rbon  Alloys 
5.1  General  Introduction  —  Previous  Work 

In  the  determination  of  the  solid-solubility  limits  of  carbon 
in  the  body-centered  cubic  Cb-rich  Cb-Hf  primary  solid  solution,  it  is 
necessary  for  identification  purposes  to  know  which  carbide-phases  are 
in  equilibrium  with  the  Cb-Hf  telld  solution.  Possible  carbides  in 
equilibrium  with  Cb-rich  Cb-Hf  alloys  sure  CbgC,  CbC,  HfC  and  mixed 
carbides  such  as  (Cb,Hf)C. 
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5*2  The  Cb-Hf  System 


This  system,  which  consists  of  an  unbroken  series  of  body 
centered  cubic  solid  solutions  above  1950°C  has  been  dealt  with  in 
Section  5.6. 

5*3  Hie  System  Cb-C 

Although  a  number  of  investigations  have  been  carried  out  cn 

(32) 

the  carbides  formed  in  this  system,'  '  the  only  comprehensive  study 

(33) 

to  be  made  is  that  by  Brauer,  Renner  and  Wemet'  using  x-ray,  micro¬ 
scopic  and  pycnooetric  techniques  on  alloys  made  by  direct  synthesis 
and  by  carburizing  in  methane.  In  all,  four  single-phase  fields  are  of 
interest  in  the  system,  namely  Ct-Cb,  hexagonal  close-packed  Cb^C,  cubic 
HaCl-type  CbC,  and  carbon,  the  extents  of  the  phases  at  1600-1700°C  being 
shown  in  Fig.  36.  According  to  the  microstructures,  the  Cb  phase 
retains,  at  most,  0.02  at.  percent  C  in  solid  solution  with  negligible 
change  in  the  lattice  parameter  of  the  matrix.  Bis  crystal  structures 

of  the  carbides  Cb„C  and  CbC  have  also  been  studied  in  the  form  of  thin 

(3*0 

films  by  Terao'  '  using  electron  diffraction  methods. 

5*4  3he  System  Sf-C 

(35) 

According  to  Hansen, v/  only  the  intermediate  phase  HflC  is 
formed  in  the  system.  The  melting  point  of  HfC  is  3090  +  150°C.  The  crystal 
structure  is  of  the  face-centered  cubic  Bl-NaCl  type  with  a  lattice 
parameter  a  ■  4.6365  ft.  As  is  the  case  with  TiC  and  ZrC  which  have  the 
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same  type  of  structure,  the  HfC  phase  will,  in  all  probability,  have  a 
certain  homogeneity  range  and  this  will  certainly  influence  the  value 
obtained  for  the  lattice  parameter. 


5.5  Tlie  System  Cb-Hf-C 

Nothing  has  been  published  on  this  system. 

5.6  The  System  Cb-C  —  Present  Investigation 

Two  methods  of  approach  were  employed  in  attempting  to  obtain 
the  solid-solubility  limit  of  carbon  in  columbiura.  These  entailed  the  use 
of  (a)  solid  specimens  containing  respectively  0.5,  1*0  and  5-0  atomic 
percent  carbon  prepared  by  melting  together  powdered  Columbian  with  a 
master  alloy  of  stoichiometric  composition  Cb^C,  and  (b)  using  zone-refined 
coluobium  vires  which  were  given  a  thin  coating  of  Aquadag  and  heated  in 
the  bell-jar  apparatus  for  various  tio«s  and  temperatures  in  a  vacuum  of 
10~^  -  10*^  torr. 

In  the  case  of  the  solid  samples,  which  weighed  approximately 
7-8  grass,  the  alloys  were  homogenized  in  the  tungsten  tr.be  furnace  for 
2k  hours  at  1600°C  and  quenched  on  a  molybdenum  sheet.  Atypical  pboto- 
Micrographs  corresponding  to  5*0  and  1.0  atomic  percent  C  ore  presented 
is  Figs.  59  bod  kc  sad  ehed  hexigonal  CbgC  in  a  matrix  of  colvEBbium 
primary  solid  solution.  A  photomicrograph  of  0.5  ft t.  percent  C  Cb-C 
alloy  heat-treated  and  quenched  under  the  same  conditions  was  entirely 
single  pfcfese,  Swc  it  sees?  that  the  solid-solubility  limit  of 


carbon  In  columbium  at  1600°C  lies  between  0.5  and  1.0  atomic  percent 
carbon  (660  ppm  and  1500  ppm  respectively).  Using  a  point-counting 
technique,  '  the  5  at.  percent  C  alley  yielded  14.0  +  2.2$  by 

volume  of  CbgC  in  the  Cb  matrix,  based  on  a  total  of  1998  point  inter¬ 
sections.  This  places  the  solid-solubility  limit  of  carbon  in  Columbian 
at  approximately  0.55  +  0.75  at.  percent  C,  in  agreement  with  the 
original  micrographic  findings.  A  similar  count,  with  8176  point  inter¬ 
sections  on  the  1.0  at.  percent  C  alloy  yielded  a  Cb^C  volume-fraction 
of  2.56  +  1.0$  corresponding  to  a  carbon  content  at  the  solid  solubility 
limit  of  0.2k  +  0.28  at.  percent  C.  3he  same  1.0  at.  percent  C  alloy 
heated  for  16  hours  at  2180°C  in  a  vacuum  cf  5  *  10*^  -lx  10  torr 
had  slightly  less  Cb^C. 

In  order  to  avoid  the  possibility  of  oxygen  pickup  when  using 
filed  samples,  x-ray  diffraction  studies  were  made  on  fully  degassed 
z  "me- refined  Cb-wire  which  had  been  coated  with  a  thin  layer  of  Aquadag, 
as  mentioned  above,  and  heated  for  various  times  and  temperatures  in 
vacuum.  On  account  of  the  varying  thickness  of  the  Aquadag  layer,  there 
was  a  tendency  to  large  variations  in  the  surface  brightness,  which  made 
accurate  temperature  determinations  almost  impossible,  while  the  occasional 
formation  of  hot-spots  caused  the  wire  to  fail.  Nevertheless,  carbide 
formation  occurred  as  shown  in  Fig.  hi  for  the  typical  case  of  a  wire 
heated  to  a  nominal  1700°C  and  held  for  16  hours  in  a  vacuum  of  1  x  lcT^ 


torr  and  radiation  quenched.  X-ray  diffraction  patterns  taken  from  the 
wires  in  the  region  where  the  temperature  measurement  was  made  showed  a 


ssall,  but  significant  increase  in  lattice  parameter  o?  the  Cb  primary 
sol  id- solution  and  also  the  pre  xanee  of  appreciable  counts  of  hexagonal 
CbgC  both  within  the  grain  boundaries  and  within  the  grains  themselves. 

Thus  the  behavior  of  columbiura  with  respect  to  carbon  is  very  similar 
to  its  behavior  with  respect  to  nitrogen,  and  very  different  fr.xn  that 
with  oxygen,  where  the  oxide  tends  to  form  almost  entirely  on  the  surface. 

Lattice  parameter  ‘Jetermijiations  made  on  wire  carburized  at 
1T00°C  yielded  a  value  of  a  *  3. 3010  $  as  against  a  parameter  value  for 
zone-refined  oxygen- free  columbium  of  a  *  3*2986  R.  Baaed  on  the  micro- 
graphic  work  on  the  lump  samples,  the  lattice  parameter  of  the  carburized 
wire  corresponds  to  an  approximate  carbon  content  of  0*55  at.  percent, 
it  being  assumed  that  as  a  result  of  the  prior  degassing  treatment  almost 
all  the  oxygen  and  nitrogen  has  been  removed  and  that  any  residuum  would 
be  carried  off  as  a  gaseous  reaction  product  with  some  of  the  carbon  in 
the  wire. 

Comparing  the  rates  of  lattice  parameter  change  per  unit  atomic 
percent  increase  in  carbon,  nitrogen  and  oxygen,  we  obtain  fat  (da/a)/unit 
increase  the  values  0.00132,  0.0022k  and  0.00118  respectively.  Thus 
based  on  these  initial  results  it  would  seem  that  nitrogen  is  the  most 
effective  -if  the  three  elements  in  increasing  the  caLumblus  spacing. 

5.6.1  Discission  cf  the  Results 

The  prese:  work  on  the  Cb-0  system  places  the  solid- 
solubility  of  carbon  in  columbium  close  to  0.55  atomic  percent  C  for  alloys 


quenched  from  1600°  and  2l80°C.  This  value  Is  much  higher  than  the  value 

of  0.02  atonic  percent  attributed  to  Brauer  et  al.^c^  However,  a  careful 

(33) 

study  of  Brauer1 s  paper'  y  indicates  that  the  solubility  limit  was  based 
on  the  planimetry  of  the  CbgC  phase  in  an  alloy  of  composition  CbCn  oc 
(li.76  at.  percent  C)  which  yielded  a  phase  boundary  composition  of 
CbC0  Q26  or  atomic  percent  C.  Tills  was  erroneously  reported  as  0.02 

atomic  percent,  and  subsequently  published  as  such  in  "Hansen".  As  pay 
be  seen  from  the  present  investigation,  a  value  of  2.52  atomic  percent  C 
is  much  too  high,  while  0.02  is  much  too  low.  Our  own  work,  with  alloys 
at  0-5  end  1.0  atonic  percent  0  effectively  traps  the  boundary  composition 
at  0.55  atonic  percent.  This  value  was  fully  confirmed  by  the  subsequent 
work  on  the  ternary  system  Cb-Hf-C. 


5.6.2  The  System  Cb-Hf-C  —  Present  Investigation 

As  a  prelude  to  studying  the  solid-solubility  of  C  in  the 
o-Cb~Ff  solid  solutijjn^a  number  of  ternary  alloys  were  made  to  establish 
the  identities  of  the  carbide  phases  present  in  the  system  as  an  aid  to 
interpreting  the  x-ray  diffraction  patterns  and  photomicrographs  of  multi¬ 
phase  low-carbon  alloys.  The  ternary  Cb-Hf-C  alloys  high  in  carbon  were 
made  f  rate  mixtures  of  Kenzwaetal  columbium  powder,  filed  Hf  crystal  bar 


from  *  ic  Poote  Mineral  Co.,  and  Specpure  carbon  powder,  the  mixtures 
being  compressed  into  1/2-inch  diameter  slugs  and  then  alloyed  by  solid 
state  diffusion  in  vacm  for  2U  hours  at  2500°C.  However,  the  diffraction 
patterns  were  diffuse  indicating  incomplete  homogenization  and  an  attempt 


63 


vas  made  f-o  improve  natters  by  Belting  the  samples  in  the  argon  aic 


furnace  followed  by  a  second  anneal  of  2  days  at  2000°C.  The  patterns 
were  considerably  improved  by  this  procedure  but  a  small  amount  of  residual 
diffuseness  remained.  The  following  compositions  were  investigated:  CbC, 
Cb^HfCy  CbHfgCy  HfC;  Cb^C,  Cbj^Hf^C^,  Cb^Hf^C^  and  Cb^Hfj^C^.  ihese  alloys 
were  quite  brittle  and  could  easily  be  powdered  in  a  tungsten  carbide 
mortar  for  subsequent  x-ray  diffraction  analysis. 

In  addition  to  the  above,  four  low-carbon  alloys  of  nominal  atomic 

compositions  94  Cb  5  Hf  1C,  89  Cb  10  Hf  1  C,  84  Cb  15  Hf  1  C,  and 

79  Cb  20  Hf  1  C,  were  made  by  melting  suitable  mixtures  of  CbC,  Cb  and  Hf 

powders  in  the  argon  arc  furnace.  These  alloys  were  subsequently  levitation 
-5  -6 

melted  at  10-  10  to rr  and  vacuum  cast  into  cylindrical  rods  of 

approximate  size  1-1/2"  long  x  3/16*  in  diameter,  after  which  they  were 
homogenized  by  beating  for  1  day  at  2000°C  and  vacuum  quenched. 

After  this  heat  treatment,  the  ends  of  the  rods  were  subjected 
to  micrographic  examination  and  were  found  to  be  two-phase,  thus  showing 
that  the  solid-solubility  limit  of  carbon  in  Cb-Hf  alloys  is  less  than 
1.0  atomic  percent  at  2000°C.  This  falls  in  line  with  the  solid-solubility 
limit  of  carbon  in  the  binary  system  Cb-C.  It  was  expected  that  the  second 
phase  would  be  CbgC,  but  subsequent  x-ray  analysis  shoved  it  to  be  an 
extension  of  the  CbC  phase,  as  will  be  described  below. 

Of  the  four  3/L6"  diameter  ternary  alloy  rods  containing  1.0 
atomic  percent  carton,  only  those  containing  5*0  and  10.0  atomic  percent 
Hf  could  be  drawn  down  successfully  to  wire  of  11-12  roil  diameter;  the  two 
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ternary  alloys  with  a  higher  Hf  content,  namely  those  with  15  and  20  atomic 
percent  respectively,  cracked  during  the  swaging  operation  from  1/8" 
diameter  rod  to  l/l6"  diameter  wire  and  any  attempts  to  reduce  the  diameter 
still  further  by  drawing  had  to  be  abandoned.  As  a  result,  only  the  first 
two  wires  could  be  heat  treated  in  the  Sieve rts  apparatus,  while  the 
cracked  rods  were  heat  treated  in  the  tungsten  tube  furnace. 

The  results  of  the  x-ray  and  micrographic  investigations  of  the 
samples  after  various  heat  treatments  are  presented  in  Table  7  and  the 
tentative  Cb-Hf-C  phase  diagram  based  on  the  data  is  given  in  Fig.  42. 

It  will  be  noted  that  only  three  single-phase  fields  are  of  interest, 
namely  (Cb,Hf)C,  CbgC  and  Ot-Cb.  These  will  be  described  below. 

5-6.5  me  (Cb,Hf)C  Phase-Field 

The  present  investigation  indicates  that  at  2000°C, 
the  phase-field  based  on  the  cubic  Bl-type  CbC  structure  extends  as  a  vide 
band  across  the  Cb-Hf-C  composition  triangle  as  a  continuous  series  of 
solid  solutions  and  links  up  with  face-centered  cubic  Hi-type  HfC.  As 
shewn  In  Fig.  43,  the  lattice  parameter  of  CbC  Increases  almost  linearly 
from  the  published  values  of  k.46( 5)  £  for  CbC  to  4.656(5)  &  for  HfC. 
Additions  of  Cb  and  Hf  to  make  the  acted  content  of  (Cb,Hf)C  alloys  greater 
than  50  atonic  percent  leads  to  parameter  changes  which  are  tentatively 
Indicated  by  the  isopaxaaetrlc  contours  interpolated  across  the  (Cb,Hf  )C 
phase-field  as  shown  la  Fig.  42.  In  the  portion  of  the  phase  field 
richest  In  Cb,  increases  In  the  aetal  content  actually  leads  to  a  narked 
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reduction  in  the  lattice  parameters.  This  means  that  the  carbon  atoms  are 
not  replaced  substitufclonally  by  metal  atoms  in  the  structure,  but  rather 
that  lattice  vacancies  are  created  by  the  absence  of  carbon  atoms  free 
their  preferred  sites. 

5 .6.4  The  CbgC  Phase-Field 

Based  on  the  x-ray  and  mi orographic  results  it  would 
seem  that  the  hexagonal  CbgC  phase  is  closely  confined  to  the  Cb-C  edge 
of  the  composition  triangle  as  shown  in  Fig.  42  and  takes  very  little  Hf 
into  solid  solution. 

5.6.5  The  Qt-Cb  Phase-Field 

At  2000°C,  body  centered  cubic  QkCb  fanes  a  continuous 
series  of  substitutional  solid  solutions  with  body  centered  cubic  &~HT, 
the  O-Cb  phase  thus  stretching.  Is  effect,  across  the  entire  Cb-BTedge 
of  the  Cb-Hf-C  composition  triangle.  As  shown  by  the  photoclcrogxapbs  of 
the  series  of  alloys  containing  1  atomic  percent  of  carbon,  there  is  a 
second  ptese  present,  the  quantity  of  which  Is  too  small  to  be  clearly 
Identified  In  the  x-ray  diffraction  patterns  of  the  samples. 

Figures  44  and  4 6  show  the  sicrost ructure  a  at  the  respective 
alloys  94  Cb  5  Hf  1  C  and  99  Cb  10  Hf  1  C  after  an  equilibrating  anneal 
of  24  hours  at  2000°c.  Both  alloys  reveal  the  presence  of  significant 
amounts  of  a  carbide  phase  which  increases  somewhat  on  re-annealing  for 
16  hours  at  1500°C  after  slowly  coding  from  22QQ°C.  As  shown  by  Fig.  45, 
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wii*  of  composition  9^  Cb  5  Hf  1  C  becomes  3ingle  phase  on  heating  for 
10  minutes  at  22CO°C,  but  this  is  not  the  case  for  alloys  of  higher  Hf 
content.  Based  on  the  amount  of  carbide  observed,  the  boundary  of  the 
OCb  phase  for  the  2000°C  isothermal  is  probably  located  at  less  than 
0.2  atomic  percent  C. 

lhe  amount  of  carbide  in  the  samples  is  too  small  to  yield  an 
x-ray  diffraction  pattern  which  would  enable  its  identity  to  be  recognized. 
Rather  than  use  an  elaborate  extraction  technique  or  make  up  a  new  series 
of  alloys  having  a  higher  carbon  content,  the  following  method  was  employed 
to  identify  the  carbide  phase.  Hie  wire  of  initial  composition  89  Cb  10  Hf  1  C 
was  given  a  coating  of  "Aquadag"  and  heated  in  vacuum  in  the  Sieverts 
apparatus  at  2000°C,  this  temperature  being  chosen  instead  of  2200°C  to 
avoid  the  wire's  burning  out  should  hot  spots  ffozin  due  to  slight 
irregularities  in  the  coating.  After  heating  for  2  hours,  the  wire  was 
quenched.  Micrographical  examination  of  the  wire  showed  it  to  have  an 
almost  uniform  two-phase  structure  over  the  whole  of  its  cross  section 
(see  Fig*  >*7)t  while  x-ray  diffraction  analysis  showed  the  carbide  to 
consist  entirely  of  the  face  centered  cubic  (Cb,Hf )C  phase  and  not 
hexagonal  CbgC  as  might  have  been  expected. 

It  is  possible,  without  chemical  analysis  of  the  carburized 
alloy,  to  make  a  rough  estimate  of  its  composition  and  of  the  compositions 
of  the  constituent  phases  in  equilibrium  with  each  other.  In  the  first 
place,  it  is  known  that  the  Gf-Cb  matrix  must  contain  about  0.2  to  0.?  atomic 
percent  C.  On  carburizing,  the  lattice  parameter  of  the  OCb  matrix  falls 
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drastically  from  3*324(5)  &  to  3*301(2)  R.  This  raejns  that  almost  all. 
the  Hf  has  been  removed  from  the  OCb-Hf-C  solid  solution,  thereby  pushing 
the  composition  of  the  OCb  phase  almost  into  the  Cb  corner  of  the 
ternary  triangle. 

Since  carburising  the  alloy  does  not  change  the  Cb/Hf  ratio, 
the  addition  of  carbon  to  89  Cb  10  Hf  1  C  will  push  its  composition  along 
the  line  AC  to  a  point  B  in  the  composition  triangle  as  shown  in  Fig.  42. 

To  pin  B  down,  we  need  to  know  the  direction  of  the  tie  line  passing  through 
it,  joining  the  oCb  phase  to  the  co-existing  composition  D  on  the 
(Cb,Hf)C  phase  boundary.  We  know  from  the  lattice  parameter  of  the  OCb 
phase  obtained  from  the  diffraction  pattern  of  the  carburized  wire  that 
the  tie-line  originates  almost  at  the  Cb  corner  of  the  diagram.  Thus  one 
end  of  the  tie-line  is  fixed.  The  same  diffraction  pattern  yields  the 
lattice  parameter  of  the  (Cb,Hf)C  solid  solution.  Thus  the  tie-line  must 
meet  the  corresponding  isoparametric  contour  at  D  on  the  phase  boundary 
of  the  (Cb,Kf )C  phase.  If  the  position  of  the  phase  boundary  were  known, 
the  position  of  D  would  be  known,  thus  fixing  the  tie-line  and  hence  the 
position  of  B.  This  last  piece  of  information  can  be  obtained  by  the 
lever  principle  using  the  relative  amounts  of  the  phases  Ct-Cb  and  (Cb,HT)C 
as  derived  from  the  photomicrograph.  Thus,  without  the  chemical  analysis 
of  B,  a  rough  estimate  of  its  composition  and  of  the  (Cb,Hf)C  phase 
boundary  may  be  derived  by  a  combination  of  lattice  parameter  and  photo- 
micrographic  data  once  the  constituent  phases  have  been  identified. 


Appendix  I 


Diffraction  Techniques 


Throughout  the  investigations  into  the  Cb-Hf-(0,N,C)  systems 
the  identification  of  the  phases  observed  in  the  microsections  vas  carried 
out  by  the  now  classical  Debye-Scherrer  x-ray  diffraction  powder  technique. 
This  technique  was  also  used  to  determine  any  changes  produced  in  the 
lattice  parameters  of  the  Cb-solid  solution  by  the  interstitial  incor¬ 
poration  of  oxygen,  nitrogen  or  carbon  in  the  structure,  and  where  possible, 
the  solid-solubility  limits  of  these  elements  were  determined  with  the 
assistance  of  the  parameter  versus  composition  curves. 

In  the  present  investigation,  where  wire-form  specimens  of  about 

11  mil  diameter  were  employed  to  a  large  extent,  it  was  found  quite 

adequate  to  employ  a  114.6  ns  diameter  Debye-Scherrer  powder  camera 

using  copper  Ktt  radiation  *  1.54051  R,  Xo^  *  1.54433  R)  frost  a  high 

(38) 

intensity  rotating  anode  x-ray  tube.  Some  typical  Debye-Scherrer 
patterns  of  colvmibiura-baae  alloys  are  shown  in  Fig.  46. 

Where  specimens  were  no4  in  the  form  of  a  wire,  the  usual 
methods  of  filing  or  crushing  the  lump  samples,  followed  by  sieving,  were 
employed  to  produce  the  necessary  powder.  This  was  beat  treated  to  remove 
cold  work  in  either  pure  colunbiUB  or  pure  tungsten  containers  consisting 
of  hollowed-out  capped  cylinders,  about  5/8"  in  diameter  and  5/8*  high, 
with  a  wall  thickness  of  1/16",  the  heat  treatment  being  carried  out  in 
a  vacuus  of  about  10 -  10*^  tear  In  the  tungsten  tube  furnace. 


n 


Despite  the  vacuum  employed  and  the  fact,  that  the  containers  were  degassed 
prior  to  use,  traces  of  racygen  were  invariably  picked  up  hy  the  columbiurn- 
rich  powders  on  account  of  their  high  surface  area /volume  ratio. 

This  difficulty  is  avoided  xn  the  case  of  wire- form  specimens 
which  can  be  fully  degassed  and  annealed  in  the  bell-jar  or  Si everts 
apparatus,  but  wire-form  specimens  present  a  difficulty  of  their  own, 
namely  the  tendency  to  grain  growth  which  causes  the  diffraction  lines  to 
become  spotty.  This  can  make  the  line-position  measurement  difficult  for 
accurate  lattice  parameter  determinations,  but;  this  drawback  can  be  overcome 
in  most  cases  by  taking  diffraction  patterns  from  positions  along  the  wire 
until  a  point  is  reached  which  yields  sharp  spot3  on  the  equator  of  the 
film  and  by  translating  the  wire  specimen  parallel  to  its  axis  in  addition 
to  the  usual  rotation  around  it. 

The  cclumbium-rich  solid  solution  is  body  centered  cubic  and 
yields  excellent  diffraction  lines  at  sufficiently  high  Bragg  angles  for 
making  good  lattice-parameter  determinations.  In  the  present  instance, 
provided  the  diffraction  lines  were  smooth,  a  precision  of  about  1  port  in 
30,000  to  50,000  could  be  obtained  using  the  yelloknown  plot  of  measured 

I  p  O  (Vl 

parameter  a  versus  the  angular  function  ^(cos  d/d  +  cos  0/sin  9),  * 

but  in  the  case  of  spotty  lines,  the  precision  fell  to  about  1  part  in 

3,000. 

The  solid-solubility  limit  of  a  phase-field  may  be  determined 
by  plotting  the  lattice  parameter  of  the  single  phase  alloy  as  a  function 
of  atomic  or  weight  percent  of  one  of  the  constituents  and  observing 
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where  a  discontinuity  occurs  on  entering  the  two-phase  field.  Ihe 
accuracy  with  which  this  discontinuity  can  be  determined  depends  on  the 
slope  of  the  parameter-composition  curve.  Ihus,  if  the  accuracy  da/a 
to  which  a  parameter  a  can  be  determined  is  1/50,000,  and  dc  is  the 
uncertainty  in  composition  with  which  the  boundary  can  be  located  by  the 
x-ray  method,  it  can  easily  be  shown  that 

.  a 

*  50,000  (da/dc)  * 


the  final  accuracy  being  set  by  the  chemical  analyses  used  to  determine 
the  parameter-composition  curve. 

Using  the  data  for  the  Cb-0  system  obtained  by  Seybolt,  by 
way  of  an  example, 


da 

dc 


0.0110 

0*7 % 


jJ/wt.  i  o2 


so  tnat.  the  accuracy  of  determination  of  the  02  solid-solubility  limit 
in  col  ischium  will  be  given  by 


dc 


3.5U?- 


x*  0.004-  weight  percent. 
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Appendix  U 


Metallography  of  Cb-Kf-C  Alloys 

The  specimens  were  mounted  in  1"  diameter  molds  in  a  polvmethyl 
methacrylate  resin  ( "Kold-Mount"  and  "Quick-Mount").  It  takes  this  plastic 
about  30  runutes  to  harden  and  no  pressure  or  externd  heat  is  needed. 

A  temperature  of  about  135°C  is  reached  during  the  polymerization.  The 
1*  diameter  mounts  were  next  loaded  into  a  Buehler  Automet  polishing 
attachment  and  ground  and  polished  in  the  following  steps: 

(1)  Ground  on  600  grit  silicon  carbide  paper,  water  coded,  160  rpm, 
40  lbs.  pressure  for  2  minutes. 

(2)  Rough-polished  on  6  micron  diamond,  white  duck  doth  lapping, 
oil  coded,  160  rpm,  40  lbs.  pressure  for  5  minutes. 

(3)  Final-polished  on  Microcloth  in  two  steps: 

a.  Attack-polished  using  Linde  "B”  abrasive  (gamma  alumina 
0.03  micron  size)  and  an  etching  solution  of  the  following 
composition: 

30  ml  Lactic  Acid 

10  ml  HHOj 

2-10  ml  UP,  depending  on  the  composition  of  the  alloy. 
160  rpm,  ho  lbs.  pressure  for  3  minutes  and  30  lbs.  pressure 


for  1  minute 


b.  After  Arising  all  the  abrasive  off  the  cloth,  the  mounts  are 
etch-polished  for  I  additional  minute  at  30  lbs.  pressure 
and  l60  rpo. 

Bert  the  mounts  are  removed  from  the  Buehler  polishing  attachment  and 
etched  to  bring  out  the  raicrostrueture.  If  the  structure  is  faintly 
discernible  when  the  sample  is  removed  from  the  Autoraet,  the  above  etching 
solution  will  usually  work.  The  sample  is  cotton-swabbed  for  1  to  60 
seconds  to  reveal  the  microstructure .  If  no  structure  is  present  when 
the  sample  is  finish-polished  or  if  the  above  solution  does  not  work, 
the  more  severe  Dupont  colttab i uc-etc hing  reagent  is  used.  Etching  is 
done  by  immersion  for  5  to  30  seconds.  The  following  is  the  composition 
of  che  etching  reagent: 

50  nl  Water 
5  ml  HBOj 
Ik  ml  HgSOjj 
20  *1  HT.  , 
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Fig.2-Tran$verse  section  of  Cb  wire  in  cc 
sheath  after  swaging.  X50 
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Tg.  3— Structural  relationships  batwaan  the  <widas  of  Columbium  (N.  Tarw,  jap,  Journ.  Appl.  Physics,  2,  156,  1463) 
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Fig.  6-Sieverts  apparatus 
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X  200 

Fig.  10  -Longitudinal  section  of  11  mil  diameter  Cb  wire  melted  at  1775°C  in 
0. 5  torr  O2  and  760  torr  He,  showing  localized  swelling  and  eutectic  structure 


Fig.  11  -Transverse  section  of  Cb  wire  shown  in  Fig.  9,  close  to  swelling 
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Watts  Input 


Fig.  B-Typicai  plot  of  watts  input  vs  surface  brightness  temperature  for  cotuatiiM  wire  f 
acidized  by  the  dynamic  leak  Method  with  constant  oxygen  pressure  * 
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Fig.  14— Oxidized  specimens  of  zone-refined  Cb  wire  using  the  dynamic 

leak  method 

A  -  Oxidized  2  hrs  1300°C  1  x  10  5  torr  02  x-ray  result,  single  phase  CWO) 
B  -  Oxidized  15  min  1725°C  7  x  lo"4  torr  02  Cb(O)  +  CDO 
C  -  Oxidized  1  hr  1000°C  5  x  lo'3  torr  02  Cb02  +  CbO  +  Cb(O) 
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Fig.  15-Partial  QK)  system 
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kj.  2l-Reslstanc«  of  Hf/Cb  •  2.8/97. 2  (atomic)  alloy,  10. 2  mils  diameter,  12"  long  at  1500°C 


Flq.  22-Phases  in  the  CbN  ivstem 


Curve  &7270J-E 


Fig.  24— Lattice  parameter  of  a-Cb-0  and  a-Cb-N  interstitial  solid  solutions 
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Fig.  25  -Longitudinal  section  of  11  mil  Columbium  wire 
nitrided  for  10  min  at  1680  °C  and  5  x  10“4  torr  Ny  200X 
1.75at%N?  0.09at%02  £ 


Fig.  26  -Transverse  section  of  11  mil  Columbium  wire 
nitrided  for  10  min  at  1680  °C  and  5  >r  Hf 4  torr  Ny  20QX 
1.75at%N?  a09at%02  1 


RMiSm 


FiS-  27  -longitudinal  section  of  11  mil  Columbium  wire 
nitrided  10  min  at  1680  °C  and  5  x  10'3torF  N_  200X 
5.10at%N?  a09at%02  7 


Fig.  28  -Transverse  section  of  11  mil  Columbium  wire 
nitrided  10  min  at  1680  °C  and  5  x  1(P  torr  N,.  200X 

5. 10  at  %  N^,  0.09  at  %  0»  7 
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Curve  572707-A 
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Fig.  33-a-Cb  +  9.48  atomic  %  N2,  Q  2200°  C. 

14.3  Mil  wire.  a-Cb  +  ppt.  Cl^N 
Longitudinal  section.  X500 


Fig.  34-a-Cb  +  2.04  atomic  %  N2,  Q22000  C. 

14. 3  Mil  wire.  a-Cb  +  ppt  Cb2N. 
Transverse  section.  X500 
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35-VariKton  In  N?  pmsure  on  nltrUng  Kl-.W,  wire  M  1500*C 


X500 

Fig.  36-90. 4  Cb,  9. 6  Hf  +  15  atomic  %  N? 

3  Hours  at  1500°  C  and  quenched. 
a-Cb  +  CbjN  +  HfN.  11  Mil  wire. 


Fig.  39-5.  0  at  %  C  CtrC  alloy,  L.  A.  24  hrs  1600°C 
in  1  x  10  6  torr  and  quenched  200X 


Fig.  40  1.0at%  C  Cb-C  alloy,  LA.  20  hrs  1600°C 
in  1  x  10  0  torr  and  quenched  200X 
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Fig.  4 1  -H  Mil.  dia. .  "Aquadag"  coated,  zone  refined 
columbium  wire  after  heating  for  16  hrs~1700°C  in 
1  x  10’6  torr  and  quenching  200X 
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Curve  575464-B 


Fig.  44-Phctomicrograph  of  94Cb  5H<  1C,  24  hrs 
at  2000°C  and  quenched.  sCb  r  ( Cb,  Hr)  C  200X 


Fig.  45-Photomicrograph  of  94Cb  5Hf  1C,  10  min 
at  2200°C  and  quenched.  aCb  +  { Cb,  Hf)  C  200X 
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Fig.  46-Photomicrog  sph  of  89Cb  lOHf  :.C.  24  hr  s 
at  2000°C  and  que’  ;hed.  aCb  +  { Cb.  Hf)  C  200X 
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Fig.  47-Photomicrograph  of  89Cb  lOHf  1C,  after 
coating  with  "Aquadag"  and  annealing  2  hrs 
at  2000°C  and  quenching.  aCb  +  (Cb,  Hf)  C  2Q0X 
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Fig.  -Typical  Debye- Scherrer  patterns  o l 
Cb-Hf(0,N,C)  alloys 
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1*.  AUSTftACT 

The  solubility  of  oxygen,  nitrogen  end  carbon  in  colustbiixo-rich  columbium-hafnium 
alloys  has  been  studied  by  means  of  x-ray  diffraction,  microgrsphic  and  thermal 
techniques  using  both  a  dynamic  leak  method  and  a  Siererts  apparatus. 

At  pressures  above  10*4  torr  Og,  Cb  is  in  thermodynamic  equilibrium  with  oxide  rape; 
and  can  take  up  tc  6  at.  %  0~  into  solid  solution  at  1775 Above  this  temperatur 
oxidation  is  ‘catastrophic *  and  the  volatile  oxides  Cb-O,  CbO  end  Cb^Oe  fox*  on  the 
surface.  The  "debasing*1  of  Ob  at  2200 %  and  above  at  10-®  torr  ia,  ifi  effect, 
brought  about  by  the  volatilization  of  the  oxide  and  .got  by  the  de-adsorption  of 
gaseous  oxygen.  The  »Cb  solid  solution  of  the  Cb-Hf-lTsystesQ  at  1 500%  contains 
9»0  at,  m  On  at,  X  Hf,  falling  to  4*7^  at.  %  for  Cb  and  0,2  at.  %  for  an  alloy 
containing  12  at.  %  Hf,  the  phase  being  characterized  by  the  formation  of  H f02 
•cluster**  or  ‘molecules*  within  the  body-centered  cubic  -Cb  matrix# 

The  ternary  system  Cb-Hf-N  show*  that  although  Cb  can  aceoersodstc  9.48  at, .  %  N 
interot  it  lolly  at  2200%  and  3  x  lO-^  torr  Ng,  the  amount  retainid  on  quenching 
drops  to  about  1  at,  %,  the  precise  amount  depending  on  the  quenching  rate.  The 
addition  of  only  2  at,  %  of  Hf  immediately  reduces  the  amount  of  Kg  which  can  be 
accommodated  at  high  temperatures  to  less  than  0.5  at,  £,  the  «Cb  phase  being  in 
equilibrium  with  HfK,  In  the  Cb-Hf-C  system,  the  -Cb  primary  solid  solution 
retains,  et  most,  0.55  «t.  1C  at  2000%,  the  carbide  in  equilibrium  with  the  -Cb 
phase  being  essentially  face-centered  cubic  (31  -Ilf  >3,  and  not  Cb^C  as  might  have 
been  expected.  * 
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